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SCIENTIFIC  REPORT:  FOURTH  INTERNATIONAL  SYMPOSIUM  ON  SUBTYPES  OF 

MUSCARINIC  RECEPTORS 


«  Twenty-one  papers  of  20-minute  duration  were  preseuted-^  •Ux^ 
during  the  three  day  period  of  the  S3nnposium.  rAnroF^these  papers 
and  the  abstracts  of  76  posters  have  been  published  in  the 
Proceedings  (attached)  which  appeared  as  a  supplement  to  the 
December,  1989  issue  of  Trends  in  Pharmacological  Sciences  (TIPS). 

Over  200  names  are  associated  with  the  authorship  of  the  papers  and 
with  that  of  the  poster  abstracts. 

A  total  of  186  invited  scientists  registered  and  attended 
the  Symposium  (names  and  addresses  of  pre-registrants  are  attached) . 

The  attendance  at  each  of  the  sessions  was  excellent  and  appeared  to 
include  all  registrants.  The  10  minute  discussion  period  between 
papers  was  lively,  provocative  and  informative.  The  posters  were 
available  for  viewing  for  the  entire  meeting  and  were  manned  each 
afternoon  because  there  was  so  much  enthusiasm  for  the  work  being 
presented. 

The  Proceedings  of  the  Symposium  was  sent  to  about  5,000 
scientists,  a  number  which  included  all  subscribers  to  TIPS  and  all 
active  participants  in  the  symposium. 

Grant  support  from  the  U.  S.  Army  Medical  Research  and  the 
Development  Command  has  been  acknowledged  in  the  published  Proceedings. 

The  comments  of  participants  at  the  Symposium  and  those 
received  in  response  to  the  Proceedings  indicate  great  interest  in  the 
program  in  general  and  in  the  specific  topics  and  papers  of  the 
Symposium.  It  appears  quite  evident  that  the  Fourth  Symposium  on 
Subtypes  of  Muscarinic  Receptors  has  stimulated  and  is  stimulating 
additional  research  which  should,  indeed,  lead  to  the  development  of 
new  and  better  therapeutic  agents  as  well  as  agents  useful  to  the 
U.  S.  Army  Research  and  Development  Command. 

As  another  mark  of  the  success  of  the  Fourth  Symposium,  the 
attendees  request  a  Fifth  Symposium  to  be  held  in  two  to  three  years. 
Planning  for  another  symposium  was,  therefore,  initiated  at  the  meeting. 
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Nomenclature  for  muscarinic  receptor  subtypes 
recommended  by  symposium 

Three  subtypes  of  muscarinic  receptor.  Mi,  M2  and  M3,  may  be  defined  on  the  basis  of  the  action 
of  antagonists.  It  should  be  noted  that  none  of  the  antagonists  in  the  table  below  is  highly 
selective  for  one  receptor  subtype  over  all  other  subtypes.  Hence  the  pharmacological 
characterization  of  a  muscarinic  receptor  subtype  should  be  based  on  its  spectrum  of  affinities  for 
a  number  of  antagonists  rather  than  on  the  basis  of  its  affinity  for  a  single  antagonist.  Attention 
should  be  given  when  characterizing  receptor  subtypes  to  the  possibility  that  more  than  one 
receptor  subtype  may  be  present  in  the  tissue  examined. 

At  the  present  time  the  sequences  of  five  muscarinic  receptor  species  (ml-m5)  are  known. 
Some  species  vary  slightly  in  their  length,  depending  on  the  mammalian  species  from  which  they 
were  cloned.  The  sequence  of  a  specific  mammalian  species  may  be  denoted  by  an  upper  case 
prefix,  e.g.  Hml  for  the  human  ml  sequence.  Other  prefixes  in  current  use  are:  R,  rat;  P,  pig;  M, 
mouse;  C,  chicken;  D,  Drosophila. 

It  is  likely,  but  not  unambiguously  proven,  that  the  ml  sequence  corresponds  to  that  of  the  Mi 
receptor,  m2  to  the  M2  receptor  and  m3  to  the  M3  receptor.  There  is  a  candidate  M4  receptor, 
found  in  the  striatum  and  some  cell  lines  (e.g.  NG108-15),  which  inhibits  adenylate  cyclase.  The 
pharmacology  of  this  receptor,  as  well  as  that  of  the  expressed  m4  and  m5  species,  whilst  being 
different  from  Mi,  M2  and  M3  receptors,  is  not  sufficiently  distinctive  or  well  characterized  to 
allow  an  unambiguous  assignment  of  a  pharmacological  M4  (or  M5)  receptor  subtype. 

Nomenclature  committee:  Nigel  Birdsall  (chairman),  Noel  Buckley,  Henri  Doods,  Kazuhiko 
Fukuda,  Antonio  Giachetti,  Rudolf  Hammer,  Heinz  Kilbinger,  Guntei  Lambrecht,  Ernst 
Mutschler,  Neil  Nathanson,  Alan  North  and  Roy  Schwarz. 


Muscarinic  receptor  nomenclature 


Pharmacological 

characterization 

Subtype 

M, 

Mz 

M3 

- 

- 

Other  names  used 
previous!, 

M,„,A 

M2a.  cardiac 
Mz.C 

M2,  M2P,  B, 
glandular  M2 

M2 

- 

Selective  antagonists 

pirenzepine. 

(+)-telenzepine 

AF-DX116, 

himbacine, 

methoctramine. 

galiamine* 

p-fluorohexa- 

hydrosila- 

difenidol. 

hexahydrosila- 

difenidol 

Mi>IVi3S:M2 

M2t>Mi^M3 

M3^Mi^M2 

Molecular 

characterization 

Sequences 

ml 

m2 

m3 

m4 

m5 

Other  names  used 
previously 

mAChRI,  Ml 

mACtiRli,  M2 

mAChRIII,  M4 

mAChRIV, 

M3 

Numbers  of  amino  acids 

460 

466 

589/590 

478/479 

531/532 

*  not  competitive 
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Some  considerations  of  receptor  specificity 

Sir  Arnold  S.  V.  Burgen 


Since  the  amino  acid  sequences  for  several  muscarinic  and  adrenergic  receptors  are  knoiun,  an  attempt  tons 
made  to  correlate  side  chain  hydrophobicity  surrounding  the  aspartate  anionic  groups  with  binding 
structure-activity  relationships.  No  positive  correlation  was  found,  suggesting  that  secondary  binding 
effects  of  head  group  substituents  are  non-local.  Displacement  of  aspartate  ionization  is  unlikely  to  be  due  to 
such  neighbour  effects. 


The  growth  of  structural  information  on  drug  receptors 
begs  the  question  whether  it  yet  provides  any  insights 
into  problems  of  structure-activity  relationships  and 
receptor  specificity.  The  sequence  data  available  on 
several  subtypes  of  the  muscarinic,  adrenergic,  dopa¬ 
mine  and  serotonin  receptors  show  striking  sequence 
identities  and  homologies  that  suggest  they  belong  to  a 
single  family  of  proteins  derived  from  a  common 
prototype. 

Based  on  the  distribution  of  hydropathy  they  are  all 
considered  to  have  a  similar  structure  to  that  deter¬ 
mined  for  bacteriorhodopsin  at  low  resolution  by 
electron  microscopy.  That  is  that  they  comprise  seven 
transmembrane  a-helical  segments  coupled  by  seg¬ 
ments  on  both  extracellular  and  cytoplasmic  faces, 
about  which  useful  conformational  predictions  cannot 
be  made  at  present.  Within  the  presumed  helical 
regions  the  sequence  homologies  are  especially  strong. 
These  transmitters  are  cations  and  for  all  the^,.  .ecep- 
tors  there  is  evidence  that  an  important  part  of  the 
energy  of  interaction  of  the  ligand  with  the  receptor  is 
through  ion-pairing  with  an  anionic  residue,  i.e.  an 
aspartate  or  glutamate.  Evidence  has  been  adduced  for 
both  muscarinic  receptors  and  adrenoceptors  that  the 
residues  concerned  are  aspartates  in  the  second  and/or 
third  helices’-^. 

Remarkably,  two  aspartates  near  the  middle  of  these 
helices  have  been  conserved  throughout  the  series  of 
receptors  mentioned^.  While  one  must  be  very  cautious 
in  assuming  that  the  seven-helix  model  is  anything 
other  than  a  good  model  of  the  receptor  structure,  it 
nevertheless  encourages  one  to  ask  whether  there  is 
anything  about  the  environment  of  these  two  aspar¬ 
tates  that  can  explain  some  of  the  known  structure- 
activity  relationships  at  muscarinic  receptors  and 
adrenoceptors. 

Among  muscarinic  agonists  it  is  established  for  all 
agonists  in  which  the  basic  nitrogen  is  not  part  of  a 
cyclic  structure,  that  the  quaternary  trimethylammon- 
ium  head  provides  the  optimum  structure.  For  cyclic 
structures  the  tertiary  amine  may  be  the  most  active. 
This  is  illustrated  with  the  acetylcholine  .seriesS  in  Table 
1.  Removal  of  methyl  groups  progressively  reduces 
activity  and  replacement  by  ethyl  groups  is  also 
disfavoured.  Tliis  suggests  that  the  optimal  interaction 


is  not  of  the  salt  bridge  structure  which  is  found  in  the 
interior  of  some  proteins,  i.e.: 

- COO . +NH3 - 

but  that  the  ionic  bond  is  reinforced  by  non-polar 
interactions  between  the  N-methyl  groups  and  non¬ 
polar  residues  in  the  receptor,  thus: 


These  interactions  are  presumably  stencally  interfered 
with  by  the  larger  alkyl  groups. 

A  different  situation  is  found  in  the  adrenoceptors* 
(Table  11).  Here  the  quaternary  derivative  is  very  weak 
and  the  optimum  structure  is  monomethylated.  This  is 
only  slightly  favoured  over  the  primary  amine  in  the 
a-receptor,  but  strongly  favoured  in  the  P-receptor 
which  also  accepts  larger  alkyl  groups  without  much 
loss  of  activity.  Histamine  H,  receptors  are  not  dis¬ 
similar  although  the  primary  amine  is  by  a  small  margin 
the  most  active. 

Since  these  groups  attached  to  the  cationic  head  will 
be  in  the  neighbourhood  of  the  aspartate  during 
interaction  with  the  receptors,  it  is  not  unreasonable  to 
suggest  that  the  side  chains  of  amino  acids  which  in  the 
a-helb<  form  the  neighbours  of  the  aspartate,  v.ill  be 
groups  immediately  available  for  interaction  v/ith  the 
iV-alkyl  groups. 

The  hypothesis  then  suggests  that  the  interaction  of 
acetylcholine  with  the  muscarinic  receptor  might  be 

TABLE  I  Relative  activity  of  acetylcholine  hotnologues 
CH,COOCHjCH,NMe,  1 

WMejH  0.02  - NMejEt  0.3 

NMeHa  0.002  - NMeEtz  0002 

NH 
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TABLE  II.  Relative  activity  of  homologues  of  noradrenaline  at  a- 
and  {S-adrenoceptors 


a 

(1 

(3.4-OH)-PhCHOH-CH2NMej 

<0001 

<0001 

- NHMe? 

0.025 

J001 

- illHaMe 

1 

1 

- NH, 

05 

0.005 

- NHjct 

0  03 

1 

- NH;-/so-Pr 

0.000 1 

0.16 

favoured  by  hydrophobic  rirrino  acid  residues,  where¬ 
as  in  the  adrenoceptor  these  residues  will  not  be 
required.  Since  an  a-helbc  undergoes  a  single  turn  for 
every  3.6  residues,  the  neighbours  will  be  residues  3 
and  4  places  above  and  below  the  aspartate.  Figure  1 
shows  the  clusters  around  these  aspartates'*  in  heli.\  I! 
and  helix  III. 


Helix 

Asp  H II  Asp  Hill 


ml  1 

m3 

mS) 

Leu 

Ala 

7fD 

Leu 

1 

Asp 

w 

He 

Giy 

Ala 

Ser 

Leu 

Ala 

Trp 

Leu 

m2l 

m4) 

1 

1 

1  >  i 

I  Asp  i 

1 

Aspj 

He 

Gly 

Val 

Ser 

Leu 

Ala 

T.p 

Thr 

(5. 

Met 

Asp  1 

1 

1 

Gly 

i 

Cys 

Asp 

1 

Val 

Leu 

Ala 

Trp 

Thr 

(52 

[asp 

i 

j  Asp 

Mat 

Gly 

Cys 

Val 

Leu 

Ala 

Trp 

Ala 

Oi 

Leu 

Asp 

I 

Ser 

Cys 

Asp 

i 

Cys 

Leu 

Ala 

Trp 

Cys 

02 

Vat 

I  Asp 

i 

Ala 

i 

Phe 

|Asp 

Cys 

Fig.  1.  Aspartate  residues  in  helices  It  and  ill  with  the 
surrounoing  cluster  of  amino  acid  side  chains. 


In  helix  II  of  the  muscarinic  receptors  three  of  the 
residues  are  strongly  hydrophobic  whilst  the  remain¬ 
ing  residue  is  a  glycine  which,  lacking  a  side  chain, 
does  not  contribute.  The  residues  are  identical  in  all  five 
receptor  subtypes.  However,  the  cluster  in  the  (1-recep¬ 
tor  has  a  very  similar  pattern  and  hydropho- 
bicity.  In  the  aj-receptor  all  four  residues  are  hydro- 
phobic,  but  in  orj-receptor  one  of  the  residues  is  a 
hydrophilic  serine.  There  is  nothing  h°re  that  correlates 
wit;.  .>.e  ligand  preferences. 

The  situation  with  helix  111  is  rather  different,  in  that 
two  of  the  residues  in  the  muscarinic  receptor  are  Trp 
and  Ser  which  are  weakly  hydrophilic  and  there  is  a 
difi'erencc  between  ml,  m3  and  m5  on  one  hand  and 
m2  and  m4  on  the  other;  a  similar  balance  is  found  in 
the  fl-receplors,  while  the  a-receptors  have  only  a 
single  hydrophilic  residue.  The  immediate  environ¬ 
ment  of  the  aspartates  in  helix  Ilf  does  not  help  either  in 
discnminating  betw'een  the  two  receptors.  Our  conclu¬ 
sion  is  that  the  important  hydrophobic  interactions  of 
the  N-methy!s  in  the  muscarinic  receptor  must  not  be 
with  the  hydrophobic  groups  on  helix  11  and  III. 

There  are  two  other  aspartates  in  helLx  III  that  may  be 
relevant  to  the  binding  site.  One  of  them  is  at  the 
presumed  cytoplasmic  end  of  the  helix  (H  IIIc,  residue 
122  in  .ml).  Once  m.ore  the  arrangement  of  the 
hydrophobic  residues  (Fig.  2)  does  not  help  in  discrimi¬ 
nating  between  simple  charge  interactions  and  possible 
interactions  reinforced  by  nonpolar  inter-actions.  It  is 
interesting  that  once  again  these  residues  do  discrimi¬ 
nate  between  ml,  m3  and  m5,  and  m2  and  m4  and 
ihese  two  sets  of  conserved  residues  seem  likeiy  to 
have  some  role  in  determining  the  selectivity  of  the 
subtypes. 

The  other  aspartate  is  very  close  to  the  extracellular 
end  of  helix  III  (H  Ille;  residue  99  in  ml).  In  this  case  the 
residues  further  into  the  helix  are  fully  conseived  in  all 
five  receptor  subty'pes  (Fig.  3),  but  the’  residues  extend¬ 
ing  out  of  the  helLX  are  not  conserx'ed.  The  comparison 
with  the  adrenoceptor  is  complicated  by  the  replace¬ 
ment  of  the  aspartate  by  glutamate  in  (li,  (l^  and  Oj,  and 
by  the  presence  of  an  arginine  in  «]. 

The  residues  about  the  (Ij,  (12  aspartate  are  more 
hydrophilic  and  so  to  a  lesser  extent  are  those  about  02- 
The  situation  in  a,  means  that  the  aspartate  will  be  ion 
paired  with  the  arginine  and  would  not  provide  a 
satisfactory  anionic  partner  for  the  catecholamine. 

It  is  apparent  that  no  simple  rules  relating  circum- 
aspartate  residues  to  the  problem  of  amine  alkyl  states 
in  the  agonists  can  be  deduced. 

Perhaps  there  should  be  little  surprise  at  this  conclu¬ 
sion  because  we  know  that  even  tetramethyl- 
ammonium  is  an  agonist  and  as  such  must  be  capable  of 
initiating  a  concerted  conformational  change  in  the 
receptor  and,  therefore,  must  be  interacting  with  at 
least  two  subsites  on  different  helices. 

It  .should  also  be  recalled  that  in  muscarinic  antag¬ 
onists,  the  effects  of  alkylation  are  different  from  those 

{*^07ti5v3.  Per  iitStuiiCc  wcnziltC  esters’^  yVimC 
dcmethylation  reduces  activity,  ethyl  replacement  has 
negligible  effects  (Table  III).  This  implies  less  constraint 
in  the  site  in  the  conformation  complementary  to 
antagonists. 

It  was  originally  found  by  C.  R.  Hiley  (PhD  thesis. 
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Phe 
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Asp 

Cys 

1  ; 
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i  = 

I  5 

i 
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P. 
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He 

'  ; 

Ala 

He 

Ala 

He 

!  ^  <X\ 
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1  Aspj 

Gly 

“2 

Trp 

Asp 

Ser 

Fig  2.  Residues  around  aspartate  H  lllu. 

University  of  Cambridge,  1974)  that  the  anionic  group 
in  the  receptor  had  an  apparent  pK  of  6.2.  litis  is 
somewhat  higher  than  would  be  expected  for  the  free 
P-carboxyl  of  aspartate  in  a  pepude. 

It  was  suggested  by  Wheatley  cf  el.*  that  this  was  due 
to  the  environment  of  the  carboxyl  being  hydrophobic. 
It  is  doubtful  if  the  adjacent  residues  on  the  helix  in  any 
of  the  aspartates  could  provide  sufficient  hydropho- 
bicity  to  account  for  this;  furthermore,  the  apposition  of 
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Fig.  3.  Residues  and  aspanate  H  llle. 
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hydrophobic  groups  close  enough  to  the  carboxyl  to 
complete  a  hydrophobic  shell  would  not  seem  to  allow 
room  for  the  interaction  of  a  ligand.  It  is  also  well 
known  that  free  charged  groups  are  not  normally  found 
in  the  interior  of  proteins,  since  they  would  be 
energehcally  disfavoured.  However,  the  high  dielectric 
constant  of  water,  which  is  responsible  for  the  strength 
of  the  carboxyl  group  in  water,  is  related  to  the  high 
mobility  of  water  dipoles.  In  many  proteins,  water 
molecules  in  aevices  form  structural  networks,  and 
because  their  motion  is  partly  frozen,  the  effective 
dielectric  constant  is  substantially  reduced  below  that 
in  liquid  water*  and  this  could  account  for  the  weaker 
ionization  of  the  aspartate.  A  further  factor  that  must  be 
taken  into  account  is  that  while  the  helices  are  singu¬ 
larly  free  of  basic  residues  except  near  their  cytoplasmic 
terminators,  the  aspartates  in  helices  II  and  III  may  be 
sufficiently  close  in  the  aqueous  channel  in  which  the 
ligand  inserts  to  be  mutually  interacrive,  as  they  would 
be  in  a  polycarboxylic  acid.  The  effect  could  be  to  shift 
the  ionization  of  the  carboxyls  so  that  some  might  have 
a  lower  pK  and  others  a  higher  pK  than  in  an 
unperf  irbed  aspartate  peptide. 

TABLE  III.  Activity  of  benzilyl  esters 

PhaCiOHlCOCHjCHsNMej  1 

- MejH  0,10 

- MejEt  1.8 

- MeEtj  2,3 

- Et3  1.8 


Our  conclusion  must  be  that  it  is  premature  to  make 
deductions  about  specificity  from  the  structural  infor¬ 
mation  so  far  available.  Further  clues  will  undoubtedly 
come  from  the  genetic  engineering  of  mutant  and 
hybrid  receptors.  But,  even  when  full  three-dimen¬ 
sional  structures  of  proteins  are  available,  it  is  by  no 
means  straightforward  to  interpret  patterns  of  ligand 
interaction,  so  we  should  keep  our  expectations  in 
check. 

References 

1  Wheatley,  M.  et  al.  (1988)  Treitils  Pharmacol.  Sci.  9  (Suppl. 
Subtypes  Muscarinic  Recept.  Ill),  19-24 

2  Dixon,  R.  A.  F.  et  at.  (1987)  EMBO  ].  6,  3269-3275 

3  Strader,  C.  D.  et  al.  (1987)  Proc.  Natl  Acad.  Set.  USA  84, 
4384-4388 

4  O'Dowd,  B.  F.,  Lefkowilz,  R.  J.  and  Caron,  M.  G.  (1989) 
Aimu.  Rev.  Ncurosri.  12,  67-83 

5  Slehle,  R.  L.,  Melville,  K.  J.  and  Oldham,  F.  K.  (1936) 
/.  Pharmacol.  56,  473-480 

6  Lands,  A.  M.  and  Taintcr,  M.  L.  (1953)  Arch.  Exp.  Pathol. 
Pliarmacol.  219,  76-90 

7  Ing,  H.  R.,  Dawes,  G.  S.  and  Wajda,  I.  (1945)  J  Pharmacol. 
85,  85-102 

8  Kauzmann,  W.  (1959)  Adv.  Protein  Chem.  14,  34-41 


4 


TtPS  -  December  1989  supplement 


Selective  effector  coupling  of  muscarinic 
acetylcholine  receptor  subtypes 

Kazuhiko  Fukuda,  Tai  Kubo,  Akito  Maeaa,  Isamu  Akiba,  Hideaki 
Bujo,  Junichi  Nakai,  Masayoshi  Mishina,  Haruhiro  Higashida* 
Erwin  Neher+,  Alain  Marty*  and  Shosaku  Numa 


Attempts  have  been  made  by  means  of  recombinant  DNA  technology  to  understand  the  molecular  basts  of  the 
functional  heterogeneity  of  the  muscarinic  acetylcholine  receptor  (mACIiR).  Molecularly  defined  mACIiR 
subtypes  have  been  produced  from  the  cloned  DNAs  in  Xenopus  oocytes  and  NG108-i5  neuroblastoma- 
glioma  hybrid  cells  as  transient  and  stable  expression  systems,  respectively,  and  agonist-induced  cellular 
responses  have  been  examined.  The  results  obtained  provide  evidence  that  niACIiR  subtypes  are  selectively 
coupled  with  different  effector  systems,  albeit  not  exclusively. 


The  muscarinic  acetylcholine  receptor  (mAChR) 
mediates  a  variety  of  cellular  responses,  including 
inhibition  of  adenylate  cyclase,  breakdown  of  phospho- 
inositides  and  modulation  of  potassium  channels, 
through  the  action  of  G  proteins'.  An  important  issue  is 
to  elucidate  the  molecular  mechanisms  underlying  the 
various  biochemical  and  physiological  effects.  Pharma¬ 
cologically  distinguishable  forms  of  the  mAChR  occur 
in  different  tissues  and  have  been  classified  into  M,,  M2 
and  M3  subtypes  on  the  basis  of  their  difference  in 
apparent  affinity  for  antagonists^-*.  An  effective 
approach  to  studying  the  h  nctional  heterogeneity  of 
the  mAChR  has  been  provided  by  recombinant  DNA 
techniques.  The  primary  structures  of  two  mAChR 
species,  designated  as  ml  and  m2,  have  been  eluci¬ 
dated  by  cloning  and  sequence  analysis  of  DNAs 
complementary  to  the  porcine  cerebral  and  cardiac 
mRNAs,  respectively^^.  The  primary  structures  of  two 
additional  mAChR  species,  designated  as  m3  and  m4, 
have  subsequently  been  deduced  from  the  nucleotide 
sequences  of  the  cloned  cDNAs  or  genomic  DNAs^’®. 
A  fifth  inAChR  species  (m5)  has  further  been  identified 
by  DNA  cloning"' '2.  T^e  hydropathy  profiles  of  the 
five  mAChRs  are  similar  and  suggest  the  presence  of 
seven  transmembrane  segments  (1-VIl)  as  in  the  case  of 
other  G  protein-coupled  receptors.  The  present  paper 
deals  with  our  attempts  to  understand  the  molecular 
basis  of  the  functional  heterogeneity  of  the  mAChR 
using  DNA  expression  systems. 

Molecular  basis  for  pharmacologically  defined 
mAChR  subtypes 

mRNAs  specific  for  the  four  individual  mAChR 
species  (ml-m4)  were  synthesized  by  transcription  in 
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vitro  of  the  respective  cDNAs  or  genomic  DN.As 
(containing  no  introns  in  the  protein-coding  region) 
linked  with  the  bacteriophage  SP6  promoter  and  were 
injected  into  Xenopus  oocytes  to  yield  functional 
mAChRs^-’o.'M*.  The  ligand-binding  properties  of  the 
four  mAChRs  expressed  in  oocytes  were  examined 
using  cell  extracts.  The  apparent  Ko  for  (-jj^HJQNB, 
estimated  by  Scatchard  analysis,  was  similar  for  all  the 
mAChRs.  TTie  apparent  Ko  values  for  selective  antag¬ 
onists  were  obtained  by  measuring  displacement  of 
(-)pH]QNB  binding  by  increasing  concentrations  of 
the  antagonists.  The  results  of  these  expenrrtents  (Table 
1)  indicate  that  ml,  m2  and  m3  correspond  most  closely 
to  the  pharmacologically  defined  Mj^,  M2^  and  Ms*'*®  is 
subtypes,  respectively. 

The  tissue  distribution  of  the  mRNAs  encoding  ml, 
m2,  m3  and  m4  was  investigated  by  blot  hybridization 
analysis  with  specific  probes^-*’'^'"’  (Fig.  1).  All  four 
mAChR  mRNAs  are  present  in  cerebrum,  whereas 
only  m2  mRNA  is  found  in  heart.  Exocrine  glands 
contain  both  ml  and  m3  mRNAs,  whereas  smooth 
muscles  contain  both  m2  and  m3  mRNAs.  Thus  the 
mAChR  heterogeneity  in  tissues  with  respect  to  antag¬ 
onist  binding  can  be  accounted  for  by  the  presence  of 
individual  molecularly  distinct  mAChR  species  or 
various  combinations  of  them. 

Differential  cellular  responses  mediated  by  mAChR 
subtypes 

With  the  aim  of  answering  the  question  of  whether 
the  different  molecularly  defined  mAChR  subtypes  are 
coupled  with  distinct  effector  systems,  agonist-induced 
responses  mediated  by  the  individual  mAChR  species 
were  investigated  using  Xenopus  oocytes  and  NG108-15 
neuroblastoma-glioma  hybrid  ceils’**  as  transient  and 
stable  expression  systems,  rcspectively^'’**'''*''^-^®. 

Responses  in  Xenopus  oocytes 

Xenopus  oocytes  injected  with  the  mRNA  specific  for 
ml,  m2,  m3  or  m4  were  examined  forelectrophysiologi- 
cal  responses  induced  by  ACh  under  voltage  clamp  at  a 
holding  potential  of  -70  mV.  Figure  2  shows  typical 
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TABLE  I.  Apparent  Kg  of  mAChR  subtypes  for  antagonists 


Antagonist 

KM 

m1 

(porcine) 

m2 

(porcine) 

m3 

(porcine) 

m3 

(rat) 

m4 

(rat) 

(-iPUJQNB 

84X  10-" 

1  3x  10-'o 

1.2x  10-'o 

1.0X  10-'o 

9.5X  10-" 

Pirenzepine 

1  8 X 10-8 

66x10-7 

1  8 X 10-7 

1.3  X  10-7 

1.2  X  10-7 

AF-DX116 

2.5  X  10-8 

7.3  X  10-7 

2  3  X 10-6 

3.1  X  10-6 

2,3  X  10-6 

Hexahydrosiladifenidol 

5.1  X  10-8 

2  8  X 10-7 

44  X  10-8 

4.0  X  10-8 

2.0  X  10-6 

Reprinted  from  Ref  10 


ACh  responses  observed  in  oocytes  injected  with  the 
mWiA  specific  for  each  of  the  four  mAChR  subtypes. 
Oocytes  implanted  with  ml  or  m3  exhibited  an  oscillat- 
oiy  inward  airrent  (Fig.  2A,  C),  whereas  a  typical  ACh 
response  induced  in  oocytes  implanted  with  m2  or  m4 
comprised  an  initial  smooth  inward  current  followed 
by  an  oscillatory  component  (Fig.  2B,  D).  Application  of 
hyperpolarizing  test  pulses  indicated  that  these  inward 
currents  were  accompanied  by  increased  membrane 
conductance.  The  oscillatory  current  evoked  by  activa¬ 
tion  of  m2  or  m4  varied  in  amplitude  among  the  oocytes 
tested  and  was  undetected  in  some  of  them.  The 
latency  of  the  ACh  response  in  m2-  or  m4-implanted 
oocyte.®  was  shorter  than  that  in  ml-  or  m3-implanted 
oocytes,  the  former  being  mostly  attributable  to  the 
dead-space  time  in  the  perfusion  system  (~  7  s).  The 
current  response  in  ml-  or  m3-implanted  oocytes 
occurred  after  an  additional  delay  (2-3  s). 

The  reversal  potential  of  the  oscillatory  current 
induced  by  activation  of  each  of  the  four  mAChR 
subtypes,  obtained  in  Ringer's  solution,  was  around 
-25  mV,  which  is  close  to  the  equilibrium  potential  of 
Cl“  in  Xenopus  oocytes^*.  This  suggests  that  the 
oscillatory  current  is  carried  mainly  by  Cl“.  In  contrast, 
the  smooth  current  mediated  by  m2  or  m4  was  reversed 
in  polarity  at  a  potential  around  10  mV.  This  value  does 
not  correspond  to  the  equilibrium  potential  of  any 
single  species  of  ions,  indicating  the  involvement  of 
more  than  one  ion  species  in  the  generation  of  the 
smooth  current.  Reversal  potential  measurements  in 
different  media  performed  with  EGTA-loaded  oocytes 
(see  below)  suggest  that  the  smooth  current  evoked  by 
activation  of  m2  or  m4  is  carried  principally  by  Na+  and 
K+.  Intracellular  injection  of  the  Ca^^ -chelating  agent 
EGTA  almost  completely  abolished  the  ACh-activated 
current  in  ml-  or  m3-implanted  oocytes,  leaving  only  a 
small  long-lasting  inward  current.  The  oscillatory  cur¬ 
rent  in  m2-  or  m4-implanted  oocytes  similarly  disap¬ 
peared  after  this  treatment,  whereas  the  smooth 
component  was  virtually  unaffected.  Thus  our  results 
provide  evidence  that  ml  and  m3  mediate  activation  of 
a  Ca2+-dependent  Cl-  current,  whereas  m2  and  m4 
principally  induce  activation  of  Na*  and  K+  currents  in 
a  Ca2+-independent  manner.  Most  likely,  the  activa¬ 
tion  of  the  Cl"  current  mediated  by  ml  and  m3  results 
from  phosphoinositide  hydrolysis  leading  to 
release  from  intracellular  stores. 


Responses  in  NGIOS-IS  cells 
NG108-15  cells  wore  transfected  with  cDNA  or 
genomic  DNA  encoding  each  of  the  four  mAChR 
subtypes,  using  an  expression  vector  carrying  the  SV40 
early  gene  promoter  and  the  neomycin-resistance 
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Fig.  1.  Autoradiograms  of  blot  hybridization  analysis  of 
ooty(A)*  RNA  from  porcine  (A-C)  and  rat  tissues  (D)  using 
probes  specific  for  the  mRNAs  encoding  porcine  ml  (A), 
porcine  m2  (B),  porcine  m3  (C)  or  rat  m4  (D)  A-C.  Analysis  of 
poly(A)*  RNA  (15  gg  each)  from  porcine  cerebrum  (fane  1), 
facrimal  gland  (lane  2),  parotid  gland  (lane  3),  small  intestine 
(lane  4),  laige  intestine  (lane  5),  trachea  (lane  6),  unnaiy 
bladder  (lane  7)  and  atrium  (lane  8)  The  rat  RNA  species 
hybndizable  with  the  rat  mS-specific  probe  showed  a  similar 
tissue  distribution  D  Analysis  of  poly(A)*  RNA  (15  pg  each) 
from  rat  cerebrum  (lane  1),  submandibular  gland  (lane  2), 
small  intestine  (lane  3),  trachea  (lane  4).  urinary  bladder  (lane 
5)  and  heart  (lane  6)  From  Ref  17. 
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Fig  2  ACh-activated  currents  in  Xenopus  oocytes  iniected 
with  the  mRNA  specilic  for  porcine  ml  (A),  porcine  m2  (B), 
porcine  m3  (C)  nr  rat  m4  (D).  Whole-cell  currents  activated  by 
bath  applicaVcii  of  1  hm  (A,  B,  D)  o'  10  pm  ACh  (C)  were 
recorded  under  voltage  clamp  at  a  holding  potential  of  -  70 
mV  before  (left)  and  after  (right)  intracellular  injection  ofEGTA. 
Inward  current  is  downward.  The  duration  ol  ACh  application  is 

"^diCOiCd  by  bO’S  vntbOut  tahnig  mtu  liiu  deao-spa^^e 

time  in  the  perfusion  system  (~7  s)  The  ACh  response  in 
oocytes  injected  with  the  rat  m3-specific  mRNA  was  similar  to 
that  in  oocytes  injected  with  the  porcine  mS-specific  mRNA. 
From  Ref.  13  (A.  B)  and  Ref.  14  (C.  D). 


marker  gene'^.  The  expression  of  each  mAChR  subtype 
was  confirmed  by  (-)PH]QN'B  binding  assay  and  by 
blot  hybridization  analysis  of  total  cellular  RNA  using 
mAChR  subtype-specific  probes.  NG108-15  cells 
endogenously  contain  the  m4  mRNA^-'s. 

The  transformed  clones  were  tested  for  electrophys- 
iological  response  to  ACh  under  voltage  clamp  at  a 
holding  potential  of  -30  mV.  Cells  transformed  to 
express  ml  or  m3  exhibited  a  similar  response  to  ACh, 
which  comprised  an  initial  outward  current  followed 
by  a  sustained  inward  current.  The  initial  outward 
current  was  accompanied  by  an  increase  in  input 
conductance,  as  measured  by  short  voltage  steps  (Fig. 
3A,  B).  The  outward  current  was  reversed  to  an  inward 
current  on  hyperpolarizing  cells  to  -73  to  -85  mV  and 
the  current-voltage  (/-V)  relation  was  apparently  linear 
(Fig.  3C}.  The  outward  current  response  was  reduced 
or  abolished  by  apamin  (0.4  pM)  or  (+)tubocurarine  (0.2 
mM),  but  was  ’■esistant  to  tetraethylammonium  (1  mM). 
Tliese  results  indicate  that  the  initial  outward  current  is 
pnndpally  attributable  to  activation  of  a  subclass  of 
Ca^+-dependent  currents. 

Unlike  the  initial  outward  current,  the  secondaiy 
inward  current  induced  by  ACh  was  usually  accom¬ 
panied  by  a  decrease  in  input  conductance  and  by  a 
reduction  in  the  time-dependent  inward  current  relax¬ 
ation  observed  during  hyperpolarizing  voltage  steps 
(Fig.  3A,  B).  The"  steady-state  l-V  curve  that  was 
obtained  while  the  sustained  inward  current  was 
present  showed  a  reduction  in  the  outward  rectification 
in  a  potential  range  less  negative  than  approximately 
-70  mV  (tested  up  to  -20  mV),  where  the  M 
current22.23  is  activated  (Fig.  3C).  These  data  indicate 
that  the  secondary  inward  current  results  pnmarily 
from  inhibition  of  the  M  current,  which  is  known  to  be 
present  in  NG108-15  cells,  some  neuronal  cells  and 
smooth  muscle  and  to  be  modulated  by  different 
neurotransmitters^'*. 

The  initial  outward  current  was  observed  in  88%  and 
81%  of  the  ml-  and  m3-transformed  ceils  tested, 
respectively.  The  secondary  inward  current  occurred  in 
59%  and  64%  of  the  ml-  and  m3-transformed  cells 
examined,  respectively.  In  contrast,  the  percentages  of 
responsive  cells  among  the  m2-  or  tn4-transformed  cells 
(12%  for  the  outward  current  and  6%  for  the  inward 
current),  despite  their  (-)(3H]QNB  binding  activities 
being  comparable  to  those  of  the  ml-  or  m3-trans- 
formed  cells,  were  not  higher  than  those  of  nontrans- 
fected  or  vector-transformed  control  cells  (14%  and  6%, 
respectively). 

The  effect  of  carbamylcholine  on  the  formation  of 
inositol  phosphates  was  next  examined  using  (^HJinos- 
itol-labelled  cells.  In  ml-  or  m3-transformed  cells,  a 
four-  to  seven-fold  increase  in  the  release  of  total 
inositol  phosphates  occurred  in  response  to  carbamyl¬ 
choline  stimulation,  rs  compared  with  control  values 
obtained  without  stimulation.  But  in  m2-  or  m4-trans- 
formed  cells,  as  well  as  in  nontransfected  or  vector- 
transformed  cells,  no  appreciable  increase  in  inositol 
phosphate  wud  witn  me 

fluorescent  indicator  dye  fura-2  showed  that  ml  and 
m3  expressed  in  NG108-15  cells,  unlike  m2  and  m4, 
mediate  release  of  Ca2+  from  *  ■  racellular  stores^®. 

These  results  indicate  that  the  molecularly  defined 
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ml  and  m3  subtypes,  but  not  the  m2  and  m4  subtypes, 
efficiently  mediate  phosphoinositide  hydrolysis, 
release  of  Ca‘+  from  intracellular  stores,  activation  of  a 
Ca^'* -dependent  K'*^  current  and  inhibition  of  the  M 
current  in  NG108-15  cells.  It  is  suggested  that  the  m4 
subtype  mediates  adenylate  cyclase  inhibition  without 
affecting  phosphoinositide  hydrolysis  in  NG108-15 
cells^.  Stable  expression  of  the  four  mAChR  subtypes 
in  other  mammalian  cell  lines  also  shows  that  ml  and 
m3  are  coupled  with  stimulation  of  phosphoinositide 
hydrolysis^'^2*’,,  whereas  m2  and  m4  are  linked  mainly 
with  inhibition  of  adenylate  cyclase^*'^-^’.  Further¬ 
more,  the  fifth  mAChR  species  (m5)  has  been  shown 
to  be  coupled  with  phosphoinositide  hydrolysis  ef¬ 
ficiently’*''^.  These  findings,  together  with  our  DNA 
expression  studies  using  Xenopiis  oocytes,  suggest  that 
mAChR  subtypes  are  selectively  coupled  with  different 
effector  systems,  albeit  not  exclusively.  The  inhibition 
of  the  M  current  mediated  by  ml  and  m3  suggests  that 
these  subtypes  are  involved  in  the  cholinergic  excita¬ 
tion  of  vertebrate  neurons  evoked  by  muscarinic 
activity. 

Different  agonist  sensitivities  of  mAChR  subtypes 

Figures  4A  and  4B  show  the  effects  of  increasing 
concentrations  of  agonist  on  the  formation  of  total 
(■’HJinositol  phosphates  and  on  intracellular  Ca^^ 
release,  respectively,  in  NG108-15  cells  expressing  ml 
O'  m3.  The  EC50  value  for  m3-transformed  cells  was 
almost  10-fold  smaller  than  that  for  ml-transformed 
ce  Is.  Figure  4C  shows  dose-response  reIationship.s  for 
Akh-activated  peak  inward  currents  obtained  from 
oocytes  implanted  with  ml  or  m3.  To  elicit  a  current  of 
similar  amplitude,  ml  required  a  ~  30-fold  higher 
concentration  of  ACh  than  did  m3.  These  data  reveal 
that  n3  has  a  sensitivity  to  agonist  of  about  one  order  of 
magnitude  higher  than  that  of  ml  in  stimulating 
pho.'phoinositide  hydrolysis  and  intracellular  Ca’’’’^ 
release  in  NG108-15  cells  and  in  mediating  activation  of 
a  Ca-'  -dependent  Cl“  current  in  Xenopiis  oocytes.  In 
the  exueriment  shown  in  Fig.  4D,  the  agonist  binding 
affinities  of  ml  and  m3  were  examined  using  oocyte 
extracis.  The  apparent  fCj  for  carbamylcholiiie  of  m3, 
obtained  by  measuring  displacement  of  (— )(3H]QNB 
binding,  vas  about  one  order  of  magnitude  lower  than 
that  of  ml.  This  result  suggests  that  the  higher 
sensitivity!  to  agonist  of  m3  is  probably  attributable,,  at 
least  partly  to  its  higher  agonist-binding  affinity. 

Location  of  a  region  of  mAChR  involved  in  selective 
effector  coupling 

In  an  attempt  to  localize  the  region  of  the  mA.ChR 
molecules  responsible  for  selective  coupling  with  dif¬ 
ferent  effector  systems,  chimaeric  mAChR  molecules 
with  different  combinations  of  ml  and  m2  were 
produced  in  Xenopiis  oocytes  by  expression  'f  the 
corresponding  cDNAs  and  were  compared  with 
respect  to  ACh-induced  current  responses  and  antag¬ 
onist-binding  properties'®.  Figure  5A  shows  the  ACh- 

inHiiro*?  ^ijrrtjnf  vocrirtpcoc  ”70  rncrril?r.'irjc 

potential  observed  in  oocytes  implanted  with  the 
different  chimaeric  m,^ChRs  and  with  the  parental  ml 
and  m2  before  and  after  intracellular  injection  of  EGTA. 
The  ACh-activated  inward  current  mediated  by  the 


Fig  3  ACh  response  in  m1  transtormed  NG108-15  cells  A 
Whole-cell  currents  activated  by  applying  3\tlofa0  1  mu  ACh 
solution  at  the  time  indicated  by  the  arrow  were  recorded 
under  voltage  clamp  at  a  holding  potential  of  -30  mV.  Inward 
current  is  downward.  Repetitive  downward  deflections  are 
current  transients  produced  by  hyperpolanzing  steps  of  20  mV 
lor  400  ms  applied  every  3  s  to  measure  input  conductance 
An  interval  of  ~5  min  separates  the  trace  into  two  parts,  and 
the  trace  is  interrupted  by  bnef  periods  (-1  s)  of  faster 
recording.  The  recorder  saturated  during  the  outward  current 
response.  B  Expanded  records  of  current  transients  obtained 
at  tne  times  indicated  in  A  a,  before  applying  ACh.  b,  during 
the  ACti-induced  outward  current,  c,  during  the  subsequent 
inward  current,  d  altet  partial  recovery  C.  Effect  of  unanging 
clamp  holding  potential  on  the  ,‘\Ch  induued  outward  current 
ACh-activated  currents  were  recorded  under  voltage  clamp  at 
different  holding  potentials  D  l-V  relationships  obtained 
belore  applying  ACh  {lilted  circles)  and  during  the  ACh- 
induced  sustained  inward  current  (open  circles).  The  current 
was  measured  as  the  displacement  from  the  original  holding 
current  at  the  end  of  incrementing  400  ms  voltage  steps  from  a 
holding  potential  of -30  mV.  From  Ref.  19. 
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Fig  4  Different  agonist  sensitivities  and  binding  alliniltes  of  ml 
and  m3  A  Dose-response  cwves  for  the  formation  of  total 
i^HJinosilol  phosphates  in  transformed  NG108-15  cells  with 
porcine  m  1  (open  c  'roles)  or  porcine  m3  (filled  circles)  Data  are 
expressed  as  percentage  of  a  maximum  response  obtained 
with  1  mu  carbamylcholine  Each  point  represents  the 
mean±SD  of  3  or  4  experiments  B  Dose-response  curves  for 
ACh-induced  intracellular  Ca^+  release  in  transformed  NCI 08- 
15  cells  wilh  porcine  ml  (open  circles)  or  porcine  m3  (filled 
circles).  Each  point  represents  the  mean±SE  of  7-25  measure- 


chimacric  mAChR  MC2,  MC8  or  MClO  was  osallatory 
in  nature  and  was  almost  completely  abolished  by 
intracellular  injection  of  EGTA.  On  the  other  hand,  a 
typical  ACh  response  mediated  by  the  chimaeric 
mAChR  MC4  or  MC9  comprised  an  initial  smooth 
inward  current  which  was  virtually  unaffected  by 
intracellular  injection  of  EGTA,,  followed  by  an  oscilla¬ 
tory  component  which  disappeared  after  this  treat¬ 
ment.  Thus,  MC2,  MC8  and  MClO,  in  which  the 
putative  cytoplasmic  portion  between  the  proposed 
transmembrane  segments  V  and  VI  is  derived  from  ml, 
mediate  an  ACh  response  similar  to  that  mediated  by 
ml5.'3.  In  contrast,  MC4  and  MC9,,  which  share  this 
portion  with  m2,  elicit  an  ACh  response  similar  to  that 
induced  by  m2‘^. 

Figure  5B  shows  the  antagonist-binding  properties  of 
the  chimaeric  mAChRs  in  comparison  with  those  of  ml 
and  m2.  MC9  exhibited  a  high  affinity  for  pirenzepine 
(fC<i=  24  nM)  similar  to  that  of  ml  (fCij=  10-18  nM)  and  a 


ments  C  Dose-response  curves  for  ACh-activated  peat- 
inward  currents  in  Xenopus  oocytes  injected  with  the  mRNA 
specific  for  porcine  mi  (open  circles)  or  porcine  m3  (filled 
circles).  Each  point  represents  the  mean+SD  of  measurements 
on  10  oocytes  at  -  70  mV  membrane  potential  D  Effect  of 
carbamylcholine  on  (-)pH]QNB  binding  in  extracts  from 
Xenopus  oocytes  injected  with  the  mRNA  specific  for  porcine 
ml  (open  circles)  or  porcine  m3  (filled  circles)  Data  are  from  3 
experiments  Fiom  Ref.  14  (A,  C,  D)  and  Ref  20  (B) 


low  affinity  for  AF-DX  116  (ffd=  4.1  pM)  similar  to  that 
of  ml  (fC,i=  1.8-2. 9  |im).  In  contrast,  MClO  showed  a 
low  affinity  for  pirenzepine  (fCd=  0.76  pM)  similar  to 
that  of  m2  (X,|=  0.50-0.75  pM)  and  a  high  affinity  for 
AF-DX  116  (fC(i=  0-57  pM)  similar  to  that  of  m2  (ffd= 
0.36-0.79  pM).  These  results  indicate  that  the  region 
composing  mostly  the  putative  cytoplasmic  portion 
between  the  proposed  trnnsmembrane  segments  V  and 
VI  is  not  involved  in  binding  to  the  selective  antag 
onists.  On  the  other  hand,  MC4  and  MC8  showed 
intermediate  affinity  for  pirenzepine  {Xd=  0,072-0.16 
pM)  and  an  intermediate  or  high  affinity  for  AF-DX  116 
(/Cd=  0.73-1.1  pM).  These  results  may  indicate  that  both 
a  region  containing  the  putative  transmembiane  seg¬ 
ments  '-V  and  a  region  containing  the  putative  trans¬ 
membrane  segments  VI  and  VII  are  involved  in 
antagonist  binding. 

Our  results  lead  to  the  conclusion  that  the  region  of 
fh*>  .iirtV-hR  molecules  comprising  ihe  carboxy-ter- 
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minal  third  of  the  proposed  transmembrane  segment  V 
and  the  following  putative  cytoplasmic  portion  before 
the  proposed  transmembrane  segment  VI  contains  a 
determinant  of  selective  coupling  with  different  effec¬ 
tor  systems.  The  amino  acid  sequence  of  the  putative 
cytoplasmic  portion  between  the  proposed  trans¬ 
membrane  segments  V  and  VI  is  divergent  among  the 
mAChR  subtypes®-’^'^’.  However,  some  sequence 
homology  is  noted  in  this  portion  between  ml  and  m3 
as  well  as  between  m2  and  m4,  particularly  in  the 
vicinity  of  segments  V  and  VI.  ml  and  m3  are  coupled 
with  the  same  effector  systems  as  are  m2  and  m4.  Thus 
it  seems  reasonable  to  assume  that  a  region  adjacent  to 
the  carboxy-terminus  of  segment  V  and  a  region 
adjacent  to  the  amino-terminus  of  segment  VI  are 
responsible  for  selective  coupling  of  mAChR  subtypes 
with  different  effector  systems,  probably  through 
interaction  with  distinct  G  proteins. 

Recent  studies  with  chimaeras  between  the  P2-  and 
a2-adrenergic  receptors  have  shown  that  the  specificity 
for  coupling  with  the  stimulatory  G  protein  lies  within  a 


region  extending  fror  the  ammo-terminus  of  segment 
V  to  the  carboxy-terminus  of  segment  VP^.  Further¬ 
more,  a  single  amino  acid  substitution  in  the  porHon 
between  segments  V  and  VI  of  rhodopsin  has  been 
shown  to  prevent  activation  of  transducin®®.  Thus,  the 
conclusion  that  a  region  mostly  comprising  the  putative 
cytoplasmic  portion  between  segments  V  and  VI  is 
involved  in  selective  effector  coupling  may  be  generally 
valid  for  G  protein-coupled  receptors. 

Conclusions 

Cloning  and  sequence  analysis  of  cDNAs  or  genomic 
DNAs  have  revealed  the  existence  of  multiple  mAChR 
gene  products.  The  antagonist-binding  properties  of 
the  individual  inAChR  species  expressed  from  the 
cloned  DNAs,  together  with  the  differenhal  tissue 
distribution  of  the  mRNAs  encoding  them,  indicate 
that  the  mAChR  heterogeneity  in  tissues  with  respect 
to  antagonist  binding  can  be  accounted  for  by  the 
presence  of  distinct  mAChR  speaes  by  themselves  or  in 
various  combinations.  The  agonist-induced  responses 


1  recorded  under  roltage  clamp  at  -  70  mV  membrane  potential 

in  Ringer's  solution  bciore  dell  traces)  and  atler  intracetiutar 
ir./ectiun  01  HGTA  (right  traces)  Inward  current  is  downwaid. 
Fig  5  Functional  properties  olchimaericmACnRsi.omposodol  The  duiation  of  ACh  application  is  indicated  by  bars  without 
porcine  ml  and  m2  sequences  A  Diagrammatic  representa-  taking  into  account  the  dead-space  hme  in  the  perlusion  system 

tier  cf  the  ;.trr-ti,rs3  cf  chimscrtc  iTAChni  (Ik!:  !,au)  and  ACii  ( -  C  B  Ciie^is  01  piieiuepine  (a)  and  AF-Uk  116  (b)  on 

responses  in  Xenopus  oocytes  injected  with  the  respective  binoing  in  extracts  IromXsnopus  oocytes  injected 

chimaertc  mRNAs  (right  hall)  Sequences  of  ml  and  m2  are  with  the  mRNA  specific  lor  ml  (open  circles),  m2  (open 

indicated  by  filled  aril  open  boxes,  respectively,  and  the  triangles).  MCA  (ftllod  diamonds),  MC8  (filled  squares),  MC9 

putative  iransmembr-  no  segments  l-Vll a'o  aligned.  Whole-ce'l  (filled  cucles)  or  MC10  I'ltled  triangles)  Data  are  from  3-5 
currents  aclivated  by  bath  application  of  1  \m  ACh  were  experiments.  From  Rrfl.  3C 
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in  Xenopus  oocytes  and  NG108-15  neuroblastoma- 
glioma  hybrid  ceils  expressing  the  individual  mAChR 
species  provide  evidence  that  the  molecularly  defined 
mAChR  subtypes  are  selectively  coupled  with  different 
effector  systems,  albeit  not  exclusively,  ml  and  ni3  are 
coupled  with  the  same  effector  systems,  but  they  have 
different  sensitivities  to  and  different  binding  affinities 
for  agonist.  Functional  analysis  of  chimaeric  receptors 
with  different  combinations  of  ml  and  m2  indicates 
that  a  region  mostly  comprising  the  putative  cytoplas¬ 
mic  portion  between  the  proposed  transmembrane 
segments  V  and  VI  contains  a  determinant  of  selective 
coupling  with  different  effector  systems. 
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Subtypes  of  muscarinic  receptors  IV 


II 


New  subtypes  of  muscarinic  acetylcholine 

receptors 


Tom  L  Bonner 


Human  and  rat  genes  and/or  cDNAs  for  five  different  mACliRs  have  been  cloned.  The  ml,  m2  and  m3 
receptors  correspond  most  closely  to  the  pharmacologically  defined  Mj,  Mj  and  M3  receptois  and  are 
expressed  in  both  brain  and  peripheral  tissues.  The  m4  and  mS  receptors  are  previously  unrecognized 
pharmacological  subtypes  zohose  mRNAs  are  found  predominantly  in  brain.  Other  less  rekted  but 
uncharacterized  genes  could  represent  additionat  subtypes.  The  properties  of  the  five  receptors  and  their  genes 
are  reviexoed  and  their  implications  for  future  research  are  discussed. 


Five  different  '.nujcarinic  receptors  have  been  cloned 
from  both  r-'.t  and  human’"',,  three  of  which  have  also 
been  cloned  from  pig^  and  one  from  mouse’  The  first 
two  were  cloned  from  pig  brain  (ml)  and  heart  {m2) 
using  probes  based  on  the  amino  sequence  of  purified 
receptor  protein^^  and  tiie  remainder  have  been 
isolated  by  low  stringency  hybridization  using  DMA 
sequences  derived  from  either  ml  or  m2  clones  as 
probes.  All  the  muscarinic  receptors  have  the  structure 
composed  of  seven  transmembrane  regions  usually 
connected  by  short  extracellular  or  cytoplasmic  seg¬ 
ments  that  we  have  come  to  expect  for  G  protein- 
coupled  receptors.  One  exception  is  that  the  muscarinic 
receptors  have  a  large  third  cytoplasmic  loop  of  157-203 
amino  acids  whereas  most  other  receptors  of  this  class 
have  much  shorter  third  cytoplasmic  domains.  Com¬ 
parison  of  the  amino  acid  sequences  of  the  different 
subtypes  of  muscarinic  receptor  indicates  that  there  is 
little  conservation  in  the  amino  terminal  extracellular 
domain  except  for  the  presence  of  two  or  three 
potential  glycosylation  sites  and  that  this  lack  of 
conservation  extends  to  the  middle  of  the  first  trans¬ 
membrane  domain.  The  other  major  region  of  sequence 
difference  is  the  tiiiid  cytop!.  smic  domain  where  there 
is  little,  if  any,  sequence  identity  among  all  the 
receptors  although  the  firsi  and  last  20  amino  acids  are 
partially  conserved  among  tome  of  the  subtypes  in  a 
manner  which  correlates  witl  their  second  messenger 
preferences.  The  remainder  of  the  molecule  shows  a 
high  degree  of  sequence  conservation  with  approxi¬ 
mately  50%  sequence  identity  (145  amino  acids)  con¬ 
centrated  primarily  in  the  transmembrane  domains  and 
including  approximately  40  amino  acids  which  are 
highly  conserved  among  all  the  cloned  G  protein- 
coupled  receptors.  This  pattern  of  sequence  conserc'a- 
tion  on  an  intermediate  evolutionary  time  scale  is  also 
reflected  on  a  shorter  lime  scale  in  the  comparison  of 
individual  subtypes  among  mammalian  species  and  is 
consistent  w'ith  the  hypothesis  that  the  ligand  binding 
site  is  formed  by  the  transmembrane  domains. 

Gene  stnicturc  and  chromosomal  distribution 

^fnlfinatv  tho  gon«a  foj*  rCCCptr^rS  mS  Vv’Cii 

as  several  other,  but  not  all,  G  protein-coupled  rccep- 


Laboralonj  of  Celt  Biology.  National  Institute  of  Mental  Health, 
Bldg  36  Room  3A-07,  Bethesda,  MO  20892,  USA. 


tors  lack  introns  in  their  coding  sequences.  This 
observation,  first  made  by  comparing  rat  ml  and  m3 
and  pig  m2  cDMAs  to  their  genes'-’’,  has  made  possible 
the  easy  cloning  of  the  complete  coding  sequences  of 
the  m4  and  m5  receptors  from  genomic  libraries. 
However,  unlike  the  P2-adrenergic  receptor  which 
appears  to  have  no  introns,  comparison  of  cDNA 
sequences  with  gene  sequences  for  the  ml,  m2,  m3  and 
m5  receptors  indicates  that,  while  there  are  no  introns 
in  the  3'  untranslated  sequences,  there  is  at  least  one 
intron  located  less  than  100  bases  5'  of  the  initiation 
codon.  Although  there  has  been  no  direct  confirma¬ 
tion,  there  is  a  probable  splice  site  in  the  m4  gene 
located  29  bases  5'  of  its  initiation  codon.  The  biological 
significance  of  the  lack  of  introns  in  the  coding 
sequence  is  unclear  but  some  correlation  may  become 
apparent  as  the  genes  of  more  receptors  of  this  class  are 
characterized. 

We  have  examined  the  structure  of  the  ml  gene  in 
more  detail  by  comparing  the  sequences  of  the  rat  and 
human  ml  genes  to  that  of  the  porcine  ml  cDNA 
.sequence  since  it  is  approximately  the  same  size  as  the 
3.0  k’.>  mRMA  observed  in  rats.  Such  a  comparison 
identifies  a  cluster,  extending  over  2  kb,  of  three  exons 
of  90-170  bases  each  in  both  the  human  and  rat  genes 
which  is  separated  from  the  coding  exon  by  an  intron  of 
approximately  10  kb.  The  hum.in  e.xons  have  65-91% 
sequence  identity  with  the  porcine  cDNA  and  are 
immediately  preceded  by  about  300  bases  of  sequence 
which  is  well  conserved  (80%)  in  the  rat  gene. 
Although  this  region  has  yet  to  be  identified  as  the 
promoter  region  by  mapping  the  5'  end  of  the  mRNA, 
we  assume  that  it  will  prove  to  be  so.  Peralta  et  al. 
indicate  that  there  are  similar  additional  exons  in  m2 
gene’’.  However,  in  the  case  of  both  the  m2  and  m3 
genes  the  reported  cDN.^  sequences  are  1-3  kb  shorter 
than  the  5-6  kb  and  4.5  kb  mRNA  sizes  observed  in  mt. 
Therefore  the  characterization  of  the  promoter  regions 
may  involve  considerable  effort.  For  the  m4  gene  for 
which  the  available  cDNA  sequences  are  600-700  bases 
shorter  than  the  3.3  kb  mRNA  size  in  rats,  we  have 
begun  to  look  for  the  promoter  region  by  mapping 
ConseAe-J  legions,  as  judged  by  cross  iiybridi^aiion, 
between  the  rat  and  human  genes  and  have  found  such 
a  'egion  approximately  10  kb  5'  of  the  coding  exon  for 
which  sequence  analysis  and  mRNA  protection  assays 
should  provide  an  identification.  A  direct  measure¬ 
ment  of  the  size  of  the  m5  mRNA  has  not  been  reported 
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but  the  recent  cloning  of  a  3'  truncated  rat  m5  cDNA 
establishes  that  there  are  at  least  516  bases  of  5' 
untranslated  sequence  not  found  in  the  coding  exon*o. 
Coupled  with  our  sequence  of  the  3'  untranslated 
regions  of  the  m5  genes,  we  can  estimate  that  the 
mRNA  must  be  at  least  3  kb. 

In  addition  to  the  usual  reasons  for  wanting  to  know 
the  chromosomal  localization  of  a  family  of  human 
genes,  such  as  whether  they  are  clustered  on  a 
chromosome  or  dispersed  throughout  the  genome, 
there  is  a  special  reason  for  wanting  to  know  the 
chromosomal  location  of  the  mACliR  genes  relating  to 
the  cholinergic  hypothesis  of  depression".  According 
to  this  popular  hypothesis,  a  hypersensitive  cholinergic 
system  could  represent  a  predisposing  factor  for 
depression.  .Since  predisposing  genes  for  manic  de¬ 
pression  have  been  mapped  to  chromosomes  11  and  X 
in  different  pedigrees,  knowing  the  location  of  the 
mAChR  genes  would  allow  one  to  consider  whether 
they  are  serious  candidate  genes  for  either  pedigree. 
From  analysis  of  somatic  cell  hybrids  as  well  a» 
chromosomal  in-cilu  hybndization  we  have  found  that 
the  m2,  m3  and  m5  genes  map  lo  the  tips  of  chromo¬ 
somes  7(7q35-36),  l(lq41-44)  and  I5(15q26),  respec¬ 
tively  (T.I  Bonner,  W.^  Modi  and  S.J.  O'Brien,  un¬ 
published  results).  The  ml  and  ni4  genes  both  map  to 
chromosome  11  with  ml  being  located  rear  the 
centromere  and  m4  being  somev/here  on  the  short  arm. 
Since  the  predisposing  gene  in  the  Amish  pedigree 
maps  near  the  H-ras  and  insulin  genes  at  the  tip  of  the 
short  arm  of  chromosome  11,  the  m4  gene  could  be 
marginally  considered  a  candidate  gene.  Clearly  better 
mapping  data  arc  required  before  it  can  be  considered  a 
serious  candidate. 


Are  there  more  mAchR  genes'f 
Analysis  of  genomic  blots  can  provide  clues  loouch 
questions  and  in  the  case  of  the  muscarinic  receptors  is 
simplLtied  by  the  fact  that  the  genes  iack  introns  in  their 
coding  sequences.  Ideally  one  v/ould  like  to  use  a  probe 
containing  as  much  sequence  as  possible  wliich  is 
highly  conserved  among  mACliR  genes  v/ilh  a.'  little  as 
possible  of  sequence  Vv'hich  is  not.  As  we  originally 
reported,  using  such  a  probe  containing  trans¬ 
membrane  regions  2-5  of  the  rat  ml  cDNA  under 
hybridization  conditions  which  should  detect  genes 
with  about  75%  sequence  identity,  one  can  delect  5-6 
different  bands  in  human  DNA  and  9-10  in  rat.  In  each 
case  a  single  band  was  ascnbable  to  the  ml,  m2,  m3  and 
m4  genes'.  This  observation  provided  the  motivation 
that  led  to  the  cloning  of  the  m5  genes.  Since  the 
existence  of  more  bands  in  rat  than  in  '-.uman  suggested 
that  they  might  be  evolutionarily  new  and  thus 
possibly  pseudogenes  and  because  the  human  genes 
are  of  greater  interest,  we  have  focused  on  the  human 
bands.  As  we  reported,  the  m5  gene  accounts  for  only 
one  band  in  PsJl  digests  of  human  DNA  implying  that 
there  '«  at  Ic-ast  onp  more  related  human  eer.e^.  The 
strength  of  the  hybridization  signal  suggested  that  it 
might  be  more  closely  related  lo  the  ml  gene  than  some 
of  the  other  mAGhR  genes  are  and  thus  quite  possibly 
another  mAChR  gene.  However,  using  a  nearly  iden¬ 
tical  probe  from  the  rat  m3  cDNA,  we  defect  only  the 


five  known  genes  so  that  the  character  of  the  sixth  gene 
is  unclear.  Perhaps  it  is  a  pseudogene  of  the  ml 
receptor.  Such  genomic  blot  analysis  does  not  exclude 
the  possibility  that  there  may  be  another  muscarinic 
receptor  gene  which  is  less  related  ihan  the  ml-m5 
genes  are  to  each  other,  but  at  th^,^  point  there  is  no 
evidence  on  which  to  base  an  expectation  that  there  will 
be  more  subtypes. 


Why  are  there  so  many  receptor  subtyres' 

This  is  becoming  a  common  quesiii,.'.  .is  cloning  of 
receptors  reveals  the  existence  of  unanticipated  mul¬ 
tiple  subtypes  for  a  variety  of  other  receptors  such  as 
thyroid  hormone  receptor^,  neural  nicotinic  acetylchol¬ 
ine  receptors  and  GABAa  receptors.  In  general  one 
would  expect  that  the  subtypes  would  differ  in  their 
functional  properties  or  in  their  regulation.  The  regula¬ 
tory  differences  could  be  either  at  the  transcriptional 
level  through  different  promoters  leading  to  tissue  or 
developmental  specificity,  or  at  the  post-transcriptional 
level  through  differenr  in  sequence  which  serve  as 
the  sites  of  regulation  th  .lugh  mechanisms  such  as 
phosphorylation.  An  example  combining  both  func¬ 
tional  and  regulatory  factors  is  the  muscular  nicotinic 
receptor  v/hich  has  an  embryonic  form  which  differs 
from  the  adult  form  in  its  channel  properties.  For  the 
muscarinic  receptors  there  is  no  evidence  for  a  develop- 
mentally  specific  subtype  but  there  is  some  degree  of 
tissue  specificity  and  there  are  at  least  two  tunctionally 
distinct  classes. 

Distribution  of  receptor  mRNAs 
Northern  blot  analysis  and  in-situ  hybridization  to 
various  tissues  has  provided  considerable  data  on  the 
tissue  speafiaty  of  subtype  expression.  Northern  blots 
of  peripheml-  tissues'^  indicate  that  the  heart  expresses 
only  ni2  mRNA  but  that  glandular  tissues  such  as 
lacrimal,  parotid  and  submandibular  glands  express 
both  ml  and  m3  mRNAs.  Smooth  muscle  tissues  such 
as  intestines,  trachea  and  urinary  bladder  express  both 
m2  and  m3  mRNA.  The  high  resolution  of  in-silii 
hybridi,?ntion".'4  indicates  that  ml,  m3  and  m4 
mRNAs  are  abundantly  and  broadly  expressed  in  rat 
brain.  Their  distributions  are  largely  overlapping  but 
there  are  differences  in  their  relative  abundance  in 
areas  such  as  hippocampus,  striatum  and  dentate 
gyrus.  Except  for  high  levels  in  a  few  areas  such  as  the 
diagonal  band  and  the  medial  septum,  m?.  mRNA  is 
expressed  widely  but  at  much  lower  levels".  It  has  only 
recently  become  apparent  that  m5  mRNA  is  expressed 
in  braiii'o  since  its  abundance  is  quite  low".  Although 
th"  results  could  be  biased  by  sensitivity  problems,  it 
appears  that  i;i5  mRNA  is  expressed  generally  in  the 
same  regions  as  ml,  m3  and  m4  mRNAs  but  with  a 
more  restricted  distribution.  The  mRlsIA  distributions 
cannot  be  simply  equated  vvith  receptor  distributions 
since  the  mRNAs  are  localized  in  cell  bodies  whereas 
for  neurons  the  receptors  reside  on  the  neuronal 
projections.  Eventually  subiype-specfic  antibodies 
should  allow  mapping  of  the  actual  receptor  distribu¬ 
tions.  For  the  present,  however,  it  appears  that  tissues 
containing  only  a  single  subtype  of  receptor  will  be 
rare. 
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Fig  1  Graphical  representation  ol  antagonist  binding  properties  ol  muscarinic  receptor  sublypus^'’  The  numbers  1-5  represent 
the  live  cloned  subtypes,  G  represents  parallel  data  on  membranes  from  ral  subinaxillary  gland  Values  in  parentheses  are 
approximations  since  the  Hill  coellicients  for  these  data  points  differed  significantly  from  unity  The  inhibition  constant  of  AF-DX  1 1 6 
for  the  m2  receptor  has  been  corrected  for  a  miscalculation  in  the  conversion  of  ICSO  to  K, 
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Functional  responses  of  cloned  receptor  subtypes 

Most  of  wliat  we  know  about  the  functional  proper¬ 
ties  of  the  individual  subtypes  comes  front  expressing 
the  clones  in  cells,  such  as  Xciwpus  oocytes  or  various 
mammalian  cell  lines,  which  do  not  express  endogen¬ 
ous  muscarinic  receptors.  Since  the  action  of  the 
receptor  depends  on  various  components  of  the  second 
messenger  systems  as  well  as  their  targets,  sucit  cells 
may  not  contain  all  the  components  necessary  to 
elaborate  all  the  potential  responses.  Nevertheless, 
such  cells  offer  two  major  advantages  which  have 
allowed  a  functional  distinction  to  be  made  among  the 
five  receptors.  First,,  the  cells  which  have  not  had  the 
clones  introduced  for  expression  provide  an  unambigu¬ 
ous  control  for  the  specificity  of  the  response.  Second, 
by  expressing  each  of  the  receptors  m  the  same  host 
cell,  one  assures,  at  least  if  the  receptors  are  expressed 
at  comparable  levels,  that  the  receptors  all  have  the 
same  cellular  environment  so  that  differences  in 
responses  are  intrinsic  to  the  subtypes.  As  recently 
summarized’^'",  the  functional  responses  of  the  sub- 
types  divide  them  into  two  classes  with  the  odd 
numbered  subtypes  in  one  class  and  the  even  num¬ 
bered  in  the  other,  a  separation  which  is  also  evident  in 
the  overall  sequence  relatedness  of  the  subtypes. 

The  ml,  m3  and  m5  receptors  stimulate  the  metabol¬ 
ism  of  inusiiolphosphr.fcc  generally  ihmiigh  a  pertussis 
toxin-inseR,sitive  G  protein  and"  also  stimulate  the 
release  of  arachidonic  add.  The  release  of  arachidonic 
add  is  independent  of  the  inositolphosphate  stimula¬ 
tion  since  phorbol  esters  inhibit  the  inositolphosphate 
response  but  stimulate  the  arachidonic  acid  response"*. 


This  class  of  receptors  lias  also  been  obsert'eci  to  cause 
an  increase  in  cAMP  levels.  The  latter  etlect  has 
recently  been  shown  for  tlw  ml  receptor  to  be  a 
secondary  effect  of  inositolphosphate  stimulation 
which  re.sults  m  release  of  intracellular  calcium  and 
stimulation  of  calmodulin-dependent  adenylate  cyclase 
(C.C.  Felder,  R.Y.  Kanterman,  A.L.  Ma  and  j,  Axelrod, 
/.  Biol.  Chem.,  in  press).  Release  of  intracellular  caldum 
is  also  responsible  for  the  opening  of  Ca^+ -dependent 
potassium  channels  in  transfected  mammalian  cells. 

The  m2  and  m4  receptors  in  the  same  cells  ca''se  a 
decrease  of  cAMR  through  a  pertussis  toxin-sensitive  G 
protein.  While  they  have  not  shown  any  electro- 
physiological  response  in  transfected  mammalian  cells, 
these  receptors  do  cause  the  stimulation  of  caldum- 
independent  currents  in  Xeiioptis  oocytes. 

These  mutually  exclusive  responses  parallel  the 
results  observed  with  the  endogenous  receptors  of  the 
132N1  and  NG-108  cell  lines"'  which  express  m3  and 
m4  mRNAs,  respectively.  Hov\evcr,,  there  is  evidence 
that  the  m2  and  m4  recepfors  weakly  stimulate  an 
inositolphosphate  re.sponse  at  least  when  there  are 
high  numbers  of  receptors  per  cell.  A  likely  explanation 
is  that  the  receptors  arc  not  absolutely  selective  in  their 
coupling  to  G  proteins  and  that  at  high  levels  of 
receptor  enough  of  a  less  favorably  coupled  G  protein 
interacts  with  the  receptor  to  mediate  a  response. 

Ligand  binding  properties  of  the  receptor  subtypes 

Since  most  tissues  can  be  expected  to  contain  more 
than  one  mAChR  subtype,  the  only  practical  way  to 
sort  out  the  subtype  specificities  of  various  ligands  may 
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be  to  use  the  cell  lines  expressing  individual  cloned 
receptors.  A  number  ot  selective  muscannic  antag¬ 
onists  have  beeri  feste.-t  on  such  cell  lines-*  and  the 
results  arc  summarized  in  Fig.  1.  From  these  results  it 
should  be  clear  that  the  ml,  m2  and  m3  clones 
correspond  most  closely  to  the  Mi,  and  M3 
pharmacological  subtypes  while  the  ml  and  m5  have 
profiles  different  from  the  previously  described  phar¬ 
macological  subtypes.  Curiously,  introduction  of  a 
silicon  atom  into  hexahydrodifenidol  shifts  affinities  of 
ml  and  m4  relative  to  all  the  others  ev.  n  though  ml 
and  m4  are  relatively  dissimilar  in  their  sequences. 
Moreover,  introduction  of  the  silicon  atom  into  hexo- 
cyclium  has  little  effect,  sl'.ifting  m3  and  m4  slightly 
relative  to  others 

It  is  also  clear  that  these  antagonists  differentiate  m2 
to  varying  degrees  from  all  .ne  other  subtypes.  In 
general,  however,,  there  is  relatively  little  selectivity 
among  the  subtypes  which  may  simpiy  be  a  reflection 
of  the  high  degree  of  relafedness  among  the  five 
receptors.  Nevorthuless  some  pairs,  such  as  m2  and 
m4,  which  are  closely  related  in  sequence  show 
substantial  differences  in  inhibition  constants  for  some 
antagonists. 

Ihe  agonist  binding  properties  have  so  far  received 
less  attention,  at  least  in  part  because  their  affinities 
depend  on  coupling  to  G  proteins.  Even  though  it  is 
clear  that  the  receptors  con  all  be  coupled  to  G  proteins 
in  the  artificial  environments  that  have  been  used  to 
express  the  cloned  receptors,  it  is  not  obvious  that  in 
their  normal  environment  they  could  not  couple  to  a  G 
protein  such  as  Go,  which  is  presumably  absent  in  these 
cells,  to  produce  a  different  agonist  affinity. 

Functional  domains  of  the  receptors 

Our  models  for  the  structure  cf  the  binding  sites  of 
muscarinic  receptors  come  primarily  from  tiio  extrapol¬ 
ation  of  results  with  the  |5-adrenergic  receptor  and 
rhodopsin  which  indicate  that  the  binding  site  is 
located  within  the  transmembrane  domains.  Since  the 
m2  and  m4  receptors  differ  in  their  transmembrane 
domains  by  only  17  ammo  acids  (with  11  of  those 
differences  in  the  first  or  sixth  transmembranc  regions) 
and  have  affinities  for  pirenzepine  which  differ  by 
about  twentyfold,  we  have  sought  in  our  initial 
attempts  to  define  the  iigand  binding  site  to  localize  the 
site  responsible  for  this  difference  (R.  Uihli,  N'.J. 
Buckley,  A.C.  Voung,  M  R.  Brann  and  T.l.  Bonner, 
unpublished  results).  To  do  this  we  have  examined 
chimeras  of  human  m2  and  rat  m4  receptors  using 
conserved  pyiill  and  Smal  sites  located  at  the  beginning 
of  the  fourth  transmembrans  region  and  immediately 
before  the  sixth  transjnembrane  region  as  the  points  of 
fusion.  These  two  points  divide  the  molecules  roughly 
into  thirds  containing  9, 3,  and  5  amino  acid  changes  in 
the  transmembranc  regions.  Substitution  of  either  the 
last  third  or  the  last  two  thirds  of  the  m4  receptor  into 
the  m2  receptor  leads  to  a  four-  or  fivefold  increase  in 
the  affinity  for  pu-enzepine  while  substitutioi't  of  ihe 
middle  third  has  little  or  no  effect.  Although  the  small 
differences  in  affinity  are  difficult  to  measure  accu- 
rat  y,,  these  results  seem  to  indicate  that  there  are 
regions  in  the  first  and  last  thirds  of  the  molecule  which 
have  roughly  equal  effects  on  the  pirenzepine  affinity. 


It  will  therefore  be  difficult  to  use  this  approach  to 
localize  even  specific  transmembranc  regions  involved 
in  determining  antagonist  affinity  without  a  more 
selective  ligand. 

There  is  now  evidence  based  on  chimeric  receptors 
for  both  the  adrenergic  and  muscarinic  receptors  that 
the  third  cytoplasmic  domain  of  the  receptors  is 
sufficient  to  deteemine  the  second  messenger  coup- 
ling-b22.  If  one  compares  the  sequences  of  this  domain 
of  the  muscarinic  receptors  with  those  of  other  recep¬ 
tors  which  are  known  to  couple  to  inositolphosphate 
metabolism  or  cyclase  inhibition  there  is  no  obvious 
pattern  of  sequence  conservation.  However  among  the 
muscarinic  receptors  the  first  and  last  15-20  amino 
acids  of  this  domain,  while  not  well  conserved  among 
ali  tire  receptors,  do  have  greater  than  50%  sequence 
identity  either  among  the  odd  numbered  receptors 
which  coupie  preferentially  to  inositolphosphate 
metabolism  or  between  the  even  numbered  ones  which 
couple  preferentially  to  inhibition  ot  adenylate  cyclase. 
Since  the  analogous  regions  of  the  (Ij-adrenergic  recep¬ 
tor  h.ive  been  shown  by  deletion  analysis  to  be 
necessary  for  second  messenger  coupling23,  it  seems 
likely  that  one  or  the  other  or  both  of  these  short 
segments  may  confer  second  messenger  specificity.  To 
test  this  hypothesis  we  have  begun  to  examine  c'lim- 
eras  of  the  human  m2  and  rat  m3  receptors  by 
determination  of  their  inositolpliospliate  response 
when  transiently  expressed  in  COS  cells^''.  in  this 
system,  as  has  been  seen  before  for  higli  levels  of 
receptor  expression  in  CHO  cells^,  the  m2  receptor 
gives  a  modest  inositolphospiate  response  with  an 
ED50  at  least  tenfold  greater  than  the  m3  receptor. 
Substitution  of  the  m3  tliird  cytoplasmic  domain  into 
the  m2  receptor  converts  the  response  to  one  compar¬ 
able  to  that  of  the  ra3  receptor.  Furthermore  substitu¬ 
tion  of  the  first  17  amino  acids  from  the  m3  domain  into 
the  m2  receptor  produces  an  inositolphosphate 
response  comparable  in  magnitude  to  that  of  the  m3 
receptor  but  requiring  a  tenfold  higher  agonist  dose 
Tiiese  results  need  to  be  extended  to  include  substitu¬ 
tions  of  the  last  20  amino  acids  of  the  third  cytoplasmic 
domain  and  assays  of  cAMP  responses  to  assure  that 
the  appropriate  reciprocal  effects  are  seen.  However, 
based  on  the  present  results,  it  appears  that  the  first  17 
amino  acids  confer  specificity  of  coupling  but  that 
something  else,  such  as  the  last  20  amino  acids,  is 
necessary  for  efficient  transmission  cf  conformational 
change  from  ligand  binding  site  to  G  protein.  Given  the 
nearly  universal  conser\'ation  of  the  beginning  of  the 
second  cytoplasmic  domain  among  all  G  protein- 
coupled  receptors,  it  is  probable  that  this  domain  also 
plays  a  role  in  G  protein  coupling,  perhaps  as  a  site  of 
more  general  interaction  with  all  G  proteins. 

Questions  for  the  future 

Which  C  proteins  do  the  receptors  couple  to? 

Does  u  single  leeeptor  COuplc  to  more  th.ir;  arc  G 
protein  depending  on  cellular  environment?  Is  there  a 
hierarchy  of  G-protein  affinities?  These  are  not  trivial 
experiments  to  do  since  the  systems  used  to  date  to 
express  the  cloned  subtypes  all  contain  G  proteins 
capable  of  coupling  to  the  receptors. 
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Are  the  odd  numbered  and  the  even  numbered 
receptors  really  functionally  homogeneous? 

The  cloned  receptors  have  so  far  been  tested  in  only 
rather  unnatural  host  cells  which  may  very  well  lack  the 
ability  to  provide  some  of  the  responses  available  to  the 
receptors  in  the  cells  in  which  they  are  normally 
expressed.  A  clear  example  of  this  situation  is  provided 
by  the  use  of  NG-108  cells,  which  normally  express  m4 
receptors,  for  expression  of  cloned  ml-m4  receptors^. 
The  ml  and  m3  receptors  but  not  m2  atrd  m4  receptors 
were  shown  to  inhibit  the  M-current,  a  response  not 
available  in  A9  fibroblasts.  More  such  cells  will  have  to 
be  used  to  explore  the  full  repertoire  >f  muscarinic 
responses  to  see  if  the  receptors  are  as  functionally 
interchangeable  as  they  now  appear  to  be. 

Are  the  receptors  differently  regulated  at  the 
transcriptional  or  post-translational  levels? 

The  tools  are  now  available  to  examine  mRNA 
changes  during  development  or  as  a  result  of  various 
manipulations  of  animals  or  cell  lines  to  see  whether 
there  are  regulatory  differences  other  than  those  which 
specify  in  which  cells  the  receptors  are  expressed  At 
the  post-transcriptional  level,  it  is  commonly  thought 
that  the  activity  of  the  receptors  could  be  regulated  by 
phosphorylation.  A  likely  place  for  the  phosphoryl¬ 
ation  sites  would  be  in  the  third  cytoplasmic  domain 
most  of  which  is  quite  different  for  the  different 
subtypes.  Differential  phosphorylation  might  therefore 
allow  for  substantia!  differences  in  desensiti^ation 
properties  of  the  subtypes. 
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The  regulation  of  cellular  signal  transduction  and  grmolli  by  four  human  muscartmc  acetylcholine  receptor 
tiitACliR)  subtypes  has  been  studied  comparatively.  The  four  inACliRs  fall  into  tivo  functional  sub-groups, 
based  on  their  primary  effects  on  second  messenger  formation,  livo  of  the  receptors  strongly  inhibit  adenylyl 
cyclase  activity,  whereas  the  other  two  strongly  stimulate  PI  hydrolysis.  Studies  on  niACliR  regulaiion  of 
two  cellular  events  involved  in  cellular  grmoilt  regulation,  the  transcription  of  proto-oncogene  c-fos  and 
DNA  synthesis,  indicate  that  these  events  are  efficiently  activated  by  those  niACliRs  which  couple  prmuinli/ 
to  phospholipase  C. 


The  pharmacological  complexity  of  mAChRs  has  long 
indicated  not  only  the  existence  of  multiple  receptor 
subtypes,  but  also  that  each  subtype  is  distinct  in  the 
cellular  and  physiological  actions  of  acofylcholine 
which  it  carries  out*.  The  molecular  cloning  of  five 
mAChR  genes  of  humans  and  other  mammals,  by  our 
group  and  others^"*,  has  demonstrated  the  molecular 
basis  of  mAChR  subtype  diversity  and  has  allowed  the 
systematic  study  of  their  functions  in  cells  normally 
lacking  mAChRs,  but  apparently  possessing  many  of 
the  cellular  signal  transduction  systems  with  which 
these  receptors  can  interact.  Here  we  review  our  efforts 
to  date  to  characterize  the  distinct  properties  of  four 
human  mAChRs,  'vith  particular  attention  to  their 
specific  roles  in  cellular  signal  transduction  and 
growth.  We  refer  to  these  four  humari  mAChR  sub- 
types  by  our  original  designation,  as  well  as  the 
nomenclature  used  in  this  supplement,  to  avoid  any 
confusion  [hence  Ml  =  ml,  M2  =  m2,  M3  s  m4  and 
M4  =  m3]. 

The  four  human  muscarinic  receptor  subtypes  dif¬ 
ferentially  regulate  levels  of  cyclic  AMP  and  inositol 
phosphates 

Regulation  of  adenylyl  cyclase  and  phospholipase  C 
by  m  \ChRs  has  been  well  documented*.  Experiments 
with  tissue  homogenates  and  cell  lines  have  suggested 
that  these  second-messenger-generating  enzymes  are 
regulated  differentially  by  different  mAChR  subtypes', 
however  '  e  complex  pattern  of  mAChR  subtype 
expression  in  different  cells  and  tissues'*^'®  has  limited 
the  interpretation  of  such  studies.  To  systematically 
address  Ihis  question,  we  have  developed  mammalian 
cell  lines  stably  expressing  each  mAChR  gene  product 
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by  transfecting  cell  lines  essentially  lacking  endogen¬ 
ous  mAChRs.  We  first  demonstrated  the  feasibility  ot 
this  approach  with  the  porcine  atrial  mAChR  gene, 
recombinant  m2  (PM2)  receptors-,  expressed  in  Chinese 
hamster  ovary  (CHO>  cells,  were  shown  to  bind 
muscariivc  ligands  with  affinities  comparable  to  por¬ 
cine  atrial  mAChRs,  couple  to  endogenous  G  proteins, 
and  thus  regulate  the  activity  of  both  adenyh  I  cyclase 
and  phospholipase  C  in  these  cells"  We  have  since 
investigated  the  ability  of  four  human  mAChR  sub¬ 
types  to  regulate  second  messenger  formation  i 
transfected  human  kidney  cell  lines  expre.ssing  com¬ 
parable  levels  of  each  receptor'-.  Figure  1  summarize..- 
the  effect  of  each  mAChR  subtype  on  cAMP  levels 
(shown  as  a  carbachol  dose-response)  and  phosphoino- 
sitide  (PI)  hydrolysis  (shown  as  the  kinetics  of  accumu¬ 
lation  of  inositol  phosphates  at  saturating  agonist 
concentration).  The.se  findings  indicate  greater  func¬ 
tional  similarity  between  the  Hml  (HMl)  and  Hm3 
(HM4)  receptors,  and  Miti2  (HM2)  and  Hm4  (HM3) 
receptors.  In  Hm2-  (HM2)-  and  Hm4-  (HM3)-express- 
ing  cells,  carbachol  efficiently  inhibits  adenylyl  cyclase 
activity  (forskolm-stimulated  cAMP  accumulation  is 
decreased  by  65-75%),  but  weakly,  although  signifi¬ 
cantly,  activates  PI  hydrolysis.  In  contrast,  carbachol 
strongly  stimulates  PI  hydrolysis,  but  does  not  inhibit 
adenylyl  cyclase  activity  in  Hml-  (HMl)-  and  Hm3- 
(HM4)-expressing  colls,  instead,  cAMP  levels  increase 
substantially  over  forskolin-mduced  levels  (7.5-10- 
fold)  at  high  carbachol  concentrations.  The  elevated 
c.AMP  levels  thus  observed  may  result  trom  'cross  talk' 
between  PI  hydrolysis  and  cAMP  formation,  it  is 
known  that  the  PI  hydrolysis  products  inositol  tris- 
phosphate  (IP3)  and  diacylglycerol  can  increase  the 
levels  of  cytosolic  calcium  and  of  protein  kinase  C 
activity  and  hence  activate  adenylyl  cyclase'^*®.  It  is 
therefore  possible  that  adenylyl  cyclase  is  activated  by 
the  Hml  (HMl)  and  Hm3  (HM4)  receptors  indirectly  as 
a  result  of  their  efhdent  stimulation  ot  PI  hydrolysis. 
This  notion  is  supported  by  the  observation  that  the 
carbachol  EC50  values  for  the  stimulation  of  cAMP 
levels  and  PI  hydrolysis  are  comparable'^. 

We  conclude  from  these  studies  that  mAChR  sub- 
types  indeed  differ  in  their  ability  to  regulate  second 
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messenger  formation.  A  given  mAChR  subtype  can 
regulate  more  than  one  effector  enzyme,  but  can  be 
more  efficient  in  activating  one  response  than  anotlicr, 
both  in  the  number  of  receptors  per  cell  and  in  the 
agonist  concentration  required  to  give  an  effect.  We 
suggest  that  the  specific  response  of  a  given  cell  to 
acetylcholine  will  depend  on  the  particular  mAChR 
subtypes  present  and  their  relative  abundance,  as  well 
as  on  the  concentration  of  acetylcholine.  It  is  of  interest 
to  note  that  the  subtypes  we  find  to  be  functionally 
similar  are  also  more  similar  in  amino  acid  sequence, 
particularly  in  the  cytoplasmic  loop  connecting  the  fifth 
and  sixth  transmembrane  segments  of  the  receptor® 


Distinct  G  proteins  selectively  couple  different 
mAChR  subtypes  to  PI  hydrolysis  in  the  same  cell 
At  least  two  types  of  G  protein  capable  of  coupling 
receptors  to  phospholipase  C  (termed  Gp)  have 
been  described.  These  Gp  types  can  be  distinguished  by 
their  sensitivity  to  ADP-ribosylation  by  pertussis  toxin 
(FFX),  which  leads  to  their  uncoupling  from  recep¬ 
tors'^.  Previous  work  has  shown  that  PI  hydrolysis 
mediated  by  mAChRs  in  different  cells  and  tissues  is 
either  PlX-sensitive"-'®  or  PTX-insensitive'’-^'.  The 
differential  ability  of  mAChR  subtypes  to  stimulate  PI 
hydrolysis  in  the  same  cell  prompted  us  to  ask 
whether  different  Gp  proteins  are  responsible  for 
the  selective  coupling  of  different  mAChRs  to  pl'.os- 
pholipase  C.  We  have  addressed  this  possibility  in  two 
ways:  first,  we  have  examined  the  PTX  sensitivity  of  PI 
hydrolysis  in  CHO  ceils,  mediated  by  the  four  human 


mAChRs  and  other  receptors  endogenous  to  these 
cells;  second,  we  have  examined  whether  the  PI 
hydrolysis  responses  mediated  by  different  receptors 
expressed  in  the  same  cell  are  additive. 

Figure  2  shows  the  effects  of  PTX  on  the  accumula¬ 
tion  of  IP3  resulting  from  activation  of  PI  hydrolysis  by 
Hml  (HMl),  Pm2  (PM2),  or  Hm3  (HM4)  mAChRs,  or 
two  endogenous  G  protein-coupled  receptors  in  CHO 
cells,  the  cholecystokinin  (CCK)  and  thrombin  recep¬ 
tors  (top  panels).  Three  patterns  of  PTX  sensitivity  were 
observed:  the  response  mediated  by  CCK  receptors  is 
not  inhibited  by  PTX  (panel  A),  the  Hml  (HMl)  and 
Hm3  (HM4)  receptor  responses  display  partial  sensitiv¬ 
ity  (panels  B  and  C),  and  the  Pm2  (PM2)  and  thrombin 
receptor  responses  are  completely  inhibited  by  PTX 
(panels  D  and  E).  These  results  are  most  easily 
explained  by  a  model  in  which  CHO  cells  possess  two 
types  of  Gp  protein:  a  PTX-insensitive  G.,,  which 
mediates  the  coupling  of  CCK  receptors  to  pnospholi- 
pase  C,  and  a  PTX-sensitive  Gp,  which  mediates  the 
coupling  of  thrombin  and  Pm2  (PM2)  receptors  to 
phospholipase  C.  The  response  mediated  by  Hml 
(HMl)  and  Hm3  (HM4)  may  thus  be  mediated  by  both 
Gp  proteins,  or  alternatively,  by  yet  another  Gp,  which 
is  only  partially  attenuated  by  PTX. 

Such  a  model  predicts  that  the  PI  hydrolysis 
responses  mediated  by  different  pathways  (i.e.  differ¬ 
ent  GpS)  will  be  additive  under  conditions  in  which  a 
given  pathway  can  be  saturated.  Our  system  afforded 
us  the  opportunity  to  test  this,  as  we  are  able  to 
construct  cell  lines  in  which  the  response  mediated  by  a 
given  mAChR  can  indeed  be  saturated,  by  creating  cell 
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Fig  I  Dilferenital  regulation  of  cAMP  formation  and  PI  hydrolysis  by  human  mAChRs  in  transfected  human  kidney  cell  lines.  The 
results  depicted  are  from  cell  lines  expressing  1  4X  10~Hml  (HMI),20X  W^Hm3(HM4),  1.2  X  W^Hm2(HM2)and  1  7X  10^Hm4 
(HM3)  receptors  per  cell,  or  control  untransfected  cells  f30n  pnrtnnonnus  m&rphPs  pe'  cs"'  ^dc'ylyl  cyclacc  dependent 
accumulation  of  cAMP  ( top  panels)  ivas  measured  in  the  presence  of  the  phosphodiesterase  inhibitor.  tBMX  (0  2  mta)  and  the  direct 
adenylyl  cyclase  activator,  forskolin  { 10  pu)  Basal  and  forskohn-siimulaled  levels  of  cAMP  were  2  4-4  1  pmol/ 10^  cells  and  5 7-270 
pmol/1 0®  cells,  respectively  °l  hydrolysis  (bottom  panels)  was  analyzed  in  cells  labeled  with  [-tHJmyo-inositol,  by  measuring  the 
accumulation  of  labeled  inositol  monophosphate  (l^HJIP,)  (boxes),  inositol  bisphosphate  (PHjlPg)  (triangles)  and  inositol 
irisphosphale  (PHJIPg)  (circles)  in  the  presence  of  10  mu  LiCI ,  which  inhibits  dephosphorylaiion  of  iP,  (Ref  13)  This  figure  is 
reproduced  with  permission  from  Ref.  12,  where  complete  details  on  the  methodology  are  given 
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Fig  2  Evidence  for  distinct  Gp-coupled  pathways  of  PI  hydrolysis  in  CHO  cells  Toppanels  Effect  of  pertussis  toxin  on  the  activation 
of  PI  hydrolysis  by  various  receptors  in  CHO  celts  Cells  labeled  with  [^HJmyo-inosilol  were  treated  with  pertussis  toxin  (6  hours, 
37°C)  and  treated  with  agonist  to  elicit  maximal  stimulation  of  PI  hydrolysis  (shown  as  IP3  accumulation)  Cells  are  (panels  A.E) 
untranslecied  cells,  (panels  B-D)  transfected  celts  expressing  (B)38X  ws  Hml  (HM1)  receptors  per  cell,  (C)  1  9X  10^  Hm3 
(HM4)  receptors  per  cell,  (D)  1  OX  lOi  Pm2  (PM2)  receptors  per  cell  Agonists  are  (A)  CCK(  10  U/ml),  (B-D)  carbachol  (1  mv),  (E) 
ihrnmhn  ( 1  U/ml)  100%  le"e's  in  cpm.'10r>  cells  were  12QQ±50  (A),  4S4G12C0  (D),  14001 130  (C),  3  iOzZO  (Oj  ana  5  WiJU  (b) 
Bottom  panels.  Additivity  of  the  PI  hydrolysis  response  mediated  by  different  receptors  co-expressed  in  the  same  celt  Cells 
expressing  levels  olPm2  (PM2)  (F)  or  Hm  1  (HM I)  (G)  receptors  sufficient  to  saturate  the  PI  hydrolysis  response  to  carbachol  (1  75  X 
10^  and  60  X  10^  receptors  per  cell,  respectively)  were  labeled  with  l^HJmyo-inositot  and  treated  with  various  concentrations  of 
carbachol,  eitheratone.  or  in  the  presence  of  saturating  concentrations  of  thrombin  (1  U/ml)  or  CCK(  10  U/ml)  PI  hydrolysis,  shown 
as  the  accumulation  of  IP,  +IP3+IP3.  was  determined  after  30  mm  of  incubation  with  agonists  in  tne  presence  of  10  mv  LiCI,  to 
minimize  differences  in  accumulation  due  to  kinetic  variation  This  figure  is  reproduced  with  permission  from  Ref  22 
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lines  with  high  receptor  expression  levels  through  gene 
amplification' >'22,  Thus,  the  response  mediated  by  a 
given  receptor  would  be  additive  to  the  response 
mediated  by  another,  assuming  the  latter  response 
were  saturated  and  coupled  by  another  G,,  pathway. 
This  is  illustrated  in  Fig.  2  (bottom  panels),  for  cells 
expressing  spare  Pm2  (PM2)  receptors  (panel  F),  the  PI 
hydrolysis  response  to  carbachol  is  not  additive  with 
the  thrombin-mediated  response,  but  is  fully  additive 
with  the  CCK  response,  indicating  that  Pm2  (PM2)  and 
thrombin  receptors  share  a  common  Gp  pathway,, 
whereas  CCK  receptors  use  a  separate  Gp  pathway.  In 
contrast,  in  cells  expressing  spare  Hml  (HMl)  recep¬ 
tors  (panel  G),  the  maximal  PI  response  to  carbachol  is 
not  increased  by  the  presence  of  either  thrombin  or 
CCK,  indicating  that  Hml  (HMl)  receptors  are  coupled 
to  PI  hydrolysis  by  using  both  of  the  clistinct  pathways 
used  by  CCK  and  thrombin  receptors.  These  results 
provide  strong  support  for  the  niudvl  suggested  earlier 
for  the  coupling  of  PI  hydrolysis  by  two  Gp  proteins. 
Thus,  in  a  given  cell,  individual  mAChR  subtypes  can 
employ  distinct  Gp  proteins  to  regulate  PI  hydrolysis; 
these  Gp  proteins  are  employed  selectively  by  endogen¬ 
ous  receptors  of  CHO  cells  as  well.  Significantly,  the  PI 


hydrolysis  response  mediated  by  receptors  coupled 
primarily  by  the  PTX-insensitive  Gp  [Hml  (HMl),  Hm3 
(HM4),  CCK)  is  greater  than  the  response  stimulated  by 
receptors  coupled  by  the  PTX-sensitive  Gp  [Pm2  (PM2), 
thrombin]  (see  Fig.  2  legend).  Thus,  the  principal 
purpose  of  selective  Gp  coupling  of  PI  hydrolysis  in  a 
given  cell  may  be  to  establish  different  levels  of  the 
response  in  an  agonist-specific  fashion. 

Differential  regulation  of  c-/os  mRNA  expression  by 
mAChR  subtypes 

Several  neurotransmitter  receptors,  including 
mACliRs,  have  been  shown  to  induce  transcription  of 
the  proto-oncogene  c-/os’-a-2'i.  The  c-fos  gene  product  is  a 
nuclear  phosphoprotein  which  may  be  involved  in  the 
control  of  cell  growth  and  differentiation,  by  coupling 
transient  changes  in  extracellular  conditions  to  long¬ 
term  cellular  alterations2-'’,  and  is  thought  to  be  affected 
Oy  PI  liydrolysis.  lo  determine  whether  c-fos  mRNA  is 
induced  differentially  by  mAChR  subtypes,  we  com¬ 
pared  the  response  mediated  in  transfected  CHO  cells 
by  Hml  (HMl)  and  Hm2  (HM2),,  which  regulate  PI 
hydrolysis  by  the  two  distinct  pathways  described 
above  (Fig,  3).  An  analysis  of  c-fos  mRNA  levels  by 
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RNA  blot  hybridization  revealed  that  carbachol  induces 
a  significant  increase  in  c-fbs  transcription  in  both  Hml- 
(HMl)-  and  Hm2-  (PflvI2)-expressing  cells.  Each 
response  is  mAChR-dependent,  as  it  is  completely 
blocked  by  atropine,  and  each  displays  the  transient 
kinetics  typical  of  c-fos  mRNA  induction  by  many 
agents^.  An  important  difference  between  the  Hml 
(HMl)  and  Hm2  (HM2)  response  is  apparent  in  that 
c-fos  transcription  induced  by  Hml  (HMl)  is  substan¬ 
tially  greater  and  more  prolonged,  even  at  a  much 
lower  level  (20-fold  less)  of  Hml  (HMl)  receptor 
number  per  cell.  Furthermore,  the  effect  of  PTX  on  c-fas 
transcription  is  also  different;  the  induction  by  Hml 
(HMl)  is  only  slightly  inhibited,  whereas  the  induction 
by  Hm2  (HM2)  is  completely  aboEshed  by  the  toxin. 
Thus,  the  differential  induction  of  c-fos  mRNA  by  Hml 
(HMl)  and  Hm2  (HM2)  strikingly  resembles  their 
differential  activation  of  PI  hydrolysis,  both  in  the 
magnitude  of  response  and  its  sensifivity  to  PTX. 

Differential  regulation  of  DNA  synthesis  in  brain- 
derived  cells  by  mAChR  subtypes 

Several  observations  by  other  investigators  have  led 
us  to  hypothesize  that  mAChRs  may  regulate  DNA 
synthesis  in  brain-derived  cells.  First,  PI  hydrolysis, 
which  certain  mAChRs  stimulate  very  efficiently,  has 
been  implicated  in  the  regulation  of  growth  of  other 
cell  types  by  other  growth  factors  and  neurotransmit¬ 
ters  13.M.26,  Second,  added  acetylcholine  can  stimulate 
PI  hydrolysis  in  developing  brain;  this  stimulation 
peaks  in  the  perinatal  period^^.  Finally,  carbachol  can 
stimulate  PI  hydrolysis  in  primaiy  cuiluies  of  astro¬ 
cytes  from  perinatal  brain^*;  astrocytes  are  a  major 
subset  of  brain  cells  which  proliferate  perinatally^’. 

To  test  this  hypothesis,  we  examined  the  effect  of 
carbachol  on  DNA  synthesis  in  primary  astrocyte 
cultures  (greater  than  90%  GFAP-positive  cells),  taken 
from  fat  brain  at  various  times  during  embryonic  and 
neonatal  devolopmentM.  As  shown  in  Fig.  4,  following 
serum-deprivation  of  such  cultures,  carbachol  elicits  a 
significant  increase  in  DNA  synthesis,  observed  by 
increased  incorporation  of  [^Hjthymidine,  which  peaks 
at  the  day  of  birth  (panel  A).  This  effect  is  substantial 
(75%  of  the  level  induced  by  fetal  calf  serum),  and  is 
blocked  by  atropine,  indicating  its  dependence  on 
mAChRs  (panel  B).  Oxotremorine,  a  mAChR  agonist 
which  does  not  stimulate  PI  hydrolysis^'-sz,  does  not 
affect  DNA  synthesis;  noradrenaline  stimulates  DNA 
synthesis  by  approximately  30%,  whereas  angiotensin 
11  has  no  effect  (panel  B).  An  analysis  of  ind  /idual, 
single-cell-derived  astrocyte  cultures  revealed  that 
some  clones  respond  well  to  carbachol,  whereas  others 
respond  poorly^".  Given  the  dependence  of  this 
response  on  mAChRs,  and  our  previous  finding  that 
glial  and  neuronal  cell  lines  express  specific  subsets  of 
mAChR  subtype  mRNAs'o,  we  reasoned  that  differ¬ 
ences  in  mAChR  expression  might  explain  the  variable 
response  to  carbachol.  To  investigate  this,  we  analyzed 
the  effects  of  Caibiichul  on  DNA  synthesis  in  several 
brain-derived  gfiai  and  neuronal  cell  lines  which  we 
found  to  express  distinct  patterns  of  mAChR  subtype 
mRNA  (panel  C).  Carbachol  stimulated  DNA  synthesis 
approximately  four-fold  in  1321N1  astrocytoma  cells, 
which  express  m3  (M4)  mAChRs'®,  and  SK-N-SH 


neuroblastoma  cells,  which  express  m3  (M4)  and  m2 
(M2)  mAChRs'®;  in  contrast,  carbachol  did  not  stimu¬ 
late  DNA  synthesis  in  NG108-15  neuroblastoma  X 
glioma  and  NlE-115  neuroblastoma  cells,  which 
express  only  m4  (M3)  receptors®-'®.  Thus,  the  ability  of 
these  brain-derived  cell  lines  to  initiate  DNA  replication 
in  response  to  carbachol  appears  to  be  due  to  expres¬ 
sion  of  specific  mAChRs  [i.e.  m3  (M4),  but  not  m4 
(M3)),  but  could  also  result  from  other  differences 
between  the  cells. 

To  evaluate  these  possibilities,  we  examined  the 
ability  of  carbachol  to  stimulate  DNA  synthesis  in  a 
single  cell  type  (CHO  cells),  expressing  each  of  the  four 
human  mAChRs  individually®®  (Fig.  4,  panels  D-G). 
DNA  syrH-asis  is  stimulated  by  carbachol  significantly 
in  cells  expressing  each  of  the  four  receptor  subtypes, 
however,  the  response  is  much  greater  in  cells  express¬ 
ing  Hml  (HMl)  or  Hm3  (HM4)  than  cells  expressing 
Hm2  (HM2)  or  Hm4  (HM3).  In  each  case,  the  response 
increases  with  receptor  number,,  but  the  number  of 
Hm2  (HM2)  and  Hm4  (HM3)  receptors  required  to  give 
an  effect  comparable  to  that  mediated  by  Hml  (HMl)  or 
Hm3  (HM4)  receptors  is  markedly  higher.  These  results 
indicate  that  mAChR  subtypes  indeed  differ  in  their 


Fig  3.  Differential  induction  of  c-fos  mRNA  levels  by  mAChR 
subtypes  m  transfected  CHO  cells  CHO  cell  lines  express¬ 
ing  Hml  (HM1)orHm2(HM2)(5X  10^  and  1 X 10^  receptors 
per  cell,  respectively)  were  treated  with  carbachol  ( 1  mM)  for  0, 
15.  30.  60,  or  120  min  (leu  hand  panels),  or  for  30  mm  with 
either  carbachol,  carbachol  and  10  (w  atropine  (Atr),  or 
carbachol  after  a  6  hour  treatment  with  100  ng/ml  pertussis 
toxin  (FTX)  (right  hand  Ijanuia).  Tuidi  RNA  was  isolated, 
electrophoresed  on  agarose  gels  (15  pg  per  lane),  blot 
transferred  to  nylon  fillers,  and  hybridized  with  a  [^(-labeled 
v-fos  cDNA  probe  The  size  of  the  c-fos  transcript  detected  is 
2  2  kb,  relative  to  ribosomal  RNA.  Rehybridization  of  the  blot 
with  an  a-actin  probe  demonstrated  that  comparable  amounts 
of  total  RNA  were  present  in  each  lane  (not  shown). 
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Fig  4.  DNA  synthesis  is  activated  by  carbachol  in  primary  astrocytes,  in  brain-denved  cell  lines,  and  in  transfected  CHO  cells 
expressing  mAChRs  Panel  A,  Primary  astrocyte  cultures,  derived  from  rat  brain  at  embryonic  day  (E)  14  to  postnatal  day  (P)  15, 
were  deprived  of  serum  for  48  hours,  incubated  with  carbachol  ( 1  mu)  and  [  ^Hjthymidine  (2  p  Ci/ml)  lor  24  hours,  and  PHJthymidine 
incorporation  measured  Panel  B  Primary  astrocytes  derived  from  E21  rats  were  deprived  of  serum  and  incubated  as  above  with 
either  (1)  no  added  agonist,  (2)  1  mu  carbachol,  (3)  1  mm  carbachol  and  10  pu  atropine,  (4)  1  mix  oxotremorine,  (5)  10% 
fetal  call  serum,  (6)  100  pu  noradreriahne,  (7)  10  pu  angiotensin  II,  Panel  C  Dose-response  analysis  of  carbachol  stimulation  of 
DNA  synthesis  in  primary  astrocyte  cultures  (filled  triangles),  1321N1  human  astrocytoma  cells  (open  circles),  SK-N-SH  human 
neuroblastoma  cells  (open  boxes),  NG108-t6  mouse  neuroblastoma  X  rat  glioma  hybrid  cells  (filled  circles),  NIE-115  mouse 
neuroblastoma  cells  (open  triangles).  Panels  U-G,  Iranslected  GhO  cell  lines  expressing  various  levels  of  (D)  Hin  i,  (E)  Hiii2,  (F) 
Hm4,  (G)  Hm3  mAChRs  (numbers  denote  10-^  X  receptors  per  cell)  were  deprived  of  serum  and  analyzed  lor  dose  response  of 
carbachol-slimulaled  DNA  synthesis.  This  figure  is  reproduced  with  permission  horn  Ref  30,  where  complete  methodologicat 
details  are  given. 


ability  to  support  carbachol-stimulated  DNA  synthesis 
in  a  ^ven  cell.  Notably,  carbachol  stimulates  both  PI 
hydrolysis  and  DNA  synthesis  more  efficiently  in  Hml- 
(HMl)-  and  Hm3-  (HM4)-expressing  cells  than  in  Hm2- 
(HM2)  and  Hm4-  (HM3)-expressing  cells,  sueeesting 
that  PI  hydrolysis  is  involved  in  the  transduction  of  the 
mitogenic  signal  mediated  by  mAChRs.  This  possibility 
is  supported  by  several  additional  observations.  First, 
the  carbachol  EC50  values  for  DNA  synthesis  and 
PI  hydrolysis  in  CHO  cells  expressing  recombinant 
mAChRs,  brain-derived  cell  lines,  and  primary  astro¬ 
cytes  are  comparable,  and  quite  different  from  the 
carbachol  EC50  values  for  inhibition  of  adenylyl  cyclase 
seen  for  Hm2  (HM2)  and  Hm4  (HM3)  receptors  in  CHO 
cells^o.  Second,  in  CHO  cells  expressing  Hml  (HMl), 
Hm2  (HM2),  or  Hm3  (HM4)  receptors,  PTX  inhibits 
carbachol-stimulated  DNA  synthesis  and  PI  hydrolysis 
to  a  similar  extent^^-^.  Finally,  DNA  synthesis  in 
primary  astrocytes  is  not  stimulated  by  oxotremorine,  a 
muscarinic  agonist  which  does  not  stimulate  PI 
hydrolysis^''^^.  These  results  thus  indicate  that  mAChR 
setivstiorj  of  PI  hydrolysis,  inhibitinn  of 

adenylyl  cyclase,  is  involved  in  mitogenic  signaling  by 
carbachol. 

The  age-dependent  activation  of  DNA  synthesis  by 
carbachol  in  neonatal  astrocyte  cultures  indicates  that 
acetylcholine  may  regulate  astroglial  cell  growth  during 


brain  development.  Thus,  the  expression  of  certain 
mAChR  subtypes  in  specific  astrocytes  may  function  to 
coordinate  the  proliferation  of  these  cells  with  the 
development  of  cholinergic  neurons. 

Conclusion 

By  studying  the  properties  of  recombinant  mAChRs 
expressed  individually  in  heterologous  cells,  we  have 
begun  to  dissect  the  cellular  functions  of  mAChR 
subtypes.  As  summarized  in  Fig.  5,  we  have  shown 
that  mAChR  subtypes  selectively  regulate  the  forma¬ 
tion  of  different  second  messenger  molecules  (e.g. 
cAMP  or  IPj  and  diacylglycerol).  Thus,  Hml  (HMl) 
and  Hm3  (HM4)  are  primarily  coupled  to  the  activation 
of  phospholipase  C,  whereas  Hm2  (HM2)  and  Hm4 
(HM3)  are  primarily  coupled  to  the  inhibition  of 
adenylyl  cyclase.  Hm2  (HM2)  and  Hm4  (HM3)  are  also 
linked  to  the  activation  of  phospholipase  C.  However, 
this  coupling  is  much  less  effiaent  than  that  mediated 
by  Hml  (HMl)  and  Hm3  (HM4).  In  addition,  carbachol 
strongly  stimulates  cAMP  formation  in  Hml-  (HMl)- 
and  Hm3-  fHMdi-pxnrecsing  rolls.  In  view  of  previous 
evidence  for  'cross  talk'  between  the  phospholipase  C 
and  adenylyl  cyclase  systems*'*'’®,  the  similarity  in 
carbachol  EC50  values  for  cAMP  elevation  and  activa¬ 
tion  of  PI  hydrolysis  by  Hml  (HMl)  and  Hm3  (HM4) 
appears  to  indicate  that  cAMP  elevation  by  these 
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subtypes  may  result  from  their  efficient  coupling  to  PI 
hydrolysis.  However,  it  is  also  possible  that  the 
observed  cAMP  elevation  results  from  a  direct  coupling 
of  adenylyl  cyci,)se  by  a  stimulatory  G  protein  similar  to 
G,. 

We  have  shown  that  mAChR  subtypes,  as  well  as 
other  G  protein-coupled  receptors  (such  as  CCK  and 
thrombin  receptors),  are  selectively  coupled  to  PI 
hydrolysis  by  distinct  G  protein  pathways  (designated 
Gp  and  Gp*  in  Fig.  5)  in  the  same  cell.  These  pathways 
appear  to  differ  in  tlie  magnitude  of  the  PI  hydrolysis 
response;  the  PTX-insensitive  Gp  found  in  CHO  cells  is 
associated  with  a  substantially  greater  activation  of  PI 
hydrolysis  than  the  PTX-sensitive  Gp  found  in  the  same 
cells.  In  the  regulation  of  adenylyl  cyclase,  specificity 
results  from  the  selective  coupling  of  different  recep¬ 
tors  (or  recentor  subtypes)  to  either  stimulatory  (Gs)  or 
inhibitory  (G.)  G  proteins.  The  present  findings  indi¬ 
cate  that  specific  regulation  of  phospholipase  C  activity 
may  be  achieved  by  selective  coupling  of  different 
receptors  (or  receptor  subtypes)  by  multiple  stimula¬ 
tory  G  proteins  (Gp,  Gp*),  which  activate  different 
levels  of  PI  hydrolysis.  It  is  interesting  to  speculate  that 
selective  coupling  of  these  Gp  proteins  to  the  multiple 
phospholipase  C  gene  products  recently  idenhfied  by 
molecular  cloning^^^  may  in  turn  explain  the  different 
magnitudes  of  PI  hydrolysis  generated  by  each  Gp 
patliway. 

We  have  also  shown  that  mAChR  subtypes  differ 
significantly  in  their  ability  to  mediate  indu'-tion  of  c-fos 
transcription  .md  DNA  synthesis.  Becau.  '  vdroly- 
sis  appears  to  bi  linked  to  these  cellular  ev.  •:  had 
anticipated  that  mAChR  subtypes  which  a  igly 
coupled  to  phospholipase  C  would  be  imj  -'i 

Hiil(ml)  HM2(m2) 


c-fos  Induction 
DNA  synthesis 

Ftg.  !>  Siummary  nf  iu''C''Cr:r.!  d:!fcrc~C55  o'  hunidn  inACnii 
subtypes  in  cellular  signal  transduction  and  growth  Gp  and 
Gp'  PTX-insensitive  and  -sensitive  G  proteins,  respectively, 
which  couple  stimulatory  receptors  to  phospholipase  C  (PiC) 
6,:  G  protein  which  couples  inhibitory  receptors  to  adenylyl 
cyclase  (AC).  DAG  diacylglycerol  PKC.  piolein  hinase  C. 


their  induction  by  carbachol.  This  prediction  was 
confirmed  in  both  cases,  and  evidence  was  obtained 
which  indicates  that  PI  hydrolysis  may  indeed  be  a 
major  mechanism  by  which  carbachol  induces  c-fos 
transcription  and  DNA  synthesis.  Note  that  the  regula¬ 
tion  of  second  messenger  formation  and  DNA  synthe¬ 
sis  by  recombinant  mAChRs  in  heterologous  cell 
models  and  by  mAChRs  expressed  in  brain-derived  cell 
lines  is  essentially  identical  (Ref.  30  and  refs  ated 
therein),  thus  confirming  the  physiological  relevance  of 
the  approach  we  have  undertaken. 

Muscarinic  receptor  subtypes  provide  a  striking 
example  of  how  structural  diversify  in  a  signal  trans-  ■ 
duction  component  can  be  used  to  achieve  functional 
specificity  in  cellular  signaling  and  growth.  As  the 
pattern  of  mAChR  subtype  expression  is  highly  cell- 
specific  and  multiple  subtypes  are  often  expressed  in  a 
single  cell”',  even  greater  diversity  in  the  response  of 
individual  cells  to  acetylcholine  is  piedicted.  It  is 
important  to  emphasize  that  the  usefulness  of  the 
approach  we  have  described  will  depend  upon  the 
particular  components  of  the  signal  transduction  ap¬ 
paratus  expressed  in  the  recipient  cell  type  used  for 
ill  vivo  'complementation  analysis'  Further  functional 
differences  between  apparently  similar  subtypes  are  to 
be  expected,  for  example,  in  their  ability  to  regulate  ion 
channels,  and  the  appropriate  choice  of  recipient  cells 
containing  such  components,  or  the  co-expression  of 
such  components  by  DNA-medialed  gene  transfer,  will 
be  necessary  to  complete  the  analysis  of  functional 
differences  between  mAChRs  which  we  have  de¬ 
scribed  here. 
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Localization  and  structure  of  the  muscarinic 
receptor  ligand  binding  site 

E.C.  Hulme,  C.A.M.  Curtis,  M.  Wheatley*,  A.  Aitken  and 

A.C.  Harris 

A  conserved  aspartic  acid  restdue  in  Itansmembrane  helix  3  of  the  muscarinic  acetylcholine  receptors  is 
important  in  binding  the  headgroup  of  muscarinic  ligands.  This  acidic  amino  acid  probably  points  into  a 
relatively  hydroplulic  cavity  whose  walls  are  formed  by  the  amphipalhic  transmembrane  helices  of  the 
receptor.  Amino  acid  side  chains  within  this  cavity  contribute  to  ligand  binding. 


From  the  structural  as  well  as  the  pharmacological 
viewpoml,  ainongst  the  most  interesting  and  fun¬ 
damental  questions  which  may  be  asked  about  a  family 
of  receptors  such  as  the  muscannir  receptors 
(mAChRs)  are  the  following:  Where  is  the  ligand 
binding  site  located?  What  are  the  key  interactions 
which  mediate  ligand  binding?  How  does  the  binding 
of  agonists  differ  from  that  of  antagonists?  What  are  the 
important  structural  features  of  the  receptor  which 
enable  and  transmit  the  agonist-induced  confor¬ 
mational  change? 

The  mAChRs  belong  to  the  category  of  G  protein- 
coupled  cationic  amine  receptors,  whose  ligands,  both 
agonists  and  antagonists,  incorporate  a  basic  nitrogen 
atom.  About  20  distinct  members  of  the  G  protein- 
coupled  receptor  superfamily  have  now  been  cloned 
and  sequenced,  including  five  subtypes  of  mAChRs 
(Refs  1-3).  These  molecules  are  all  thought  to  conform 
to  a  generic  structure  consisting  of  seven  trans- 
membrane  helices,  joined  by  intra-  and  extracellular 
loops  of  varying  lengths,  and  with  a  glycosylated 
extracellular  N-terminal  sequence  and  an  intracellular 
C-terminal  tail'.  The  muscarinic  receptors  contain 
several  conserved  aspartic  acid  residues,  particularly 
Asp71,  Asp99,  AsplOS  and  Aspl22  (ml  mAChR 
sequence,  using  the  nomenclature  recommended  on  p. 
V)  which  are  potential  participants  in  binding  the 
cationic  headgroups  of  muscarinic  antagonists  and 
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Two  approaches  are  in  current  u^e  to  try  to  identify 
amino  acids  in  receptor  sequences  which  interact 
directly  with  ligand  functional  groups.  The  first  is  to 
mutate  the  suspected  residues,  and  then  to  study  the 
binding  and  functional  properties  of  the  mutant  recep¬ 
tor.  The  second  is  to  design  ligand  molecules  which 
incorporate  chemically-reactive  funchonal  groups,  to 
allow  them  to  bind  and  react,,  and  then  to  identify  the 
modified  amino  acids. 

Both  approaches  have  their  strengths  and  weak¬ 
nesses.  Briefly,  these  are  that  mutation  of  an  amino  acid 
may  alter  the  three-dimensional  structure  of  the  recep¬ 
tor  in  what  amounts  to  an  allosteric  fashion.  A  large 
effect  on  ligand  binding  therefore  does  not  necessarily 
imply  a  direct  binding  interaction  between  the  modi¬ 
fied  amino  acid  and  the  ligand.  In  contrast,  wiiilst  the 
use  of  chemically-reactive  ligand  analogues  enables 
one  to  work  on  the  native,  un-mutagenized  receptor, 
reaction  may  also  occur  with  ammo  acid  side  chains 
outside  the  binding  site.  Fortunately,,  the  two 
approaches  are  complementary,,  and  where  they  con¬ 
verge  in  pinpointing  a  residue,  we  may  reasonably 
believe  that  residue  to  be  important. 

We  have  taken  the  chemical  approach  to  trying  to 
identify  important  residues  in  the  muscarinic  binding 
site.  Thanks  to  a  tradition  of  molecular  phannacology 
dating  back  four  decades  to  the  work  of  Nickerson  on 
irreversible  blockers  of  the  adrenergic  receptors,  a 
suitable  chemical  tool  has  been  at  our  disposal  foi  a 
number  of  years  in  the  form  of  pHJpropylbenzilyl- 
choline  mustard  (PHlI’rBCM). 

Muscarinic  receptors  are  labelled  with  great  speci¬ 
ficity  by  nanomolar  concentrations  of  (^HjPrBCM'*'^. 
The  benzilylcholine  mustards  have  two  great  advan- 
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tages  when  compared  with  many  other  receptor 
affinity  labels.  First,  the  active  aziri'dinium  forms  are 
isosteric  with  the  known  potent  antagonists  benzilyl- 
choline  and  propylbenzilylcholine,  and  second  the 
reactive  moiety  is  a  direct  analogue  of  the  onium 
headgroup  of  the  reversible  ligands.  Because  of  this,  it 
is  e-xpected  that  the  headgroup  of  the  irreversible  and 
reversible  ligands  should  be  bound  identically  in  the 
initial  reversible  phase  of  binding.  The  reacdon 
mechanism  involves  a  nucleophilic  attack  by  an  amino 
acid  sidcchain  of  the  receptor  sequence  on  the  azirid- 
inium  moiety.  Localization  of  the  modified  residue 
within  the  receptor  sequence  should  therefore  provide 
accurate  positional  information  about  the  location  of 
the  onium  headgroup  in  the  binding  site. 

Peptide  mapping  and  sequencing 

The  PH]PrBCM-receptor  bond  can  be  broken  by 

nucleophiles 

It  has  been  shown  previously  that  the  link  formed 
between  PHlPrBCM  and  the  purified  mAChR  from  rat 
forebrain  may  be  cleaved  by  hydroxylamine  under 
denaturing  conditions*.  This  is  consistent  with  the 
alkylating  agent  forming  an  ester  link  with  acidic 
residue(s)  in  the  binding  site.  Other  forms  of  linkage 
which  might  be  considered  possible  a  priori,  particu¬ 
larly  thioether  bonds  with  cysteine  residues,  are  not 
intrinsically  vulnerable  to  nucleophilic  attack. 

Cleavage  of  the  mAChR  sequence  with  a  lysine- 
specific  protease 

The  above  observation  provided  dreumstantial 

VI  UK  nciutu  lOiUUC.  lU 

localize  the  modified  residues  within  the  sequence, 
mAChRs  were  purified  from  rat  forobrain  and  striatum, 
labelled  with  [^HjPrBCM  and  digested  with  a  iysine- 


spedfic  endoprotease,,  Lys-C,  which  cleaves  on  the 
C-terminal  side  of  lysine  residues.  The  conditions 
employed  were  such  that  the  enzyme  appeared  to 
cleave  at  clusters  of  basic  residues,  incorporating  one  or 
more  lysines. 

Two  major  classes  of  peptide  were  obtained,  one  or 
high  molecular  weight  (greater  than  27  kDa)  and  one  of 
low  molecular  weight  (less  than  10  kDa).  Virtually  all  of 
the  [^HjPrBCM  label  was  associated  with  the  high 
moleatlar  weight  peptides.  In  particular,  two  peptides 
of  molecular  weight  28  kDa  and  34  kDa  were  identified, 
bo'n  of  which  were  resistant  to  further  digestion. 

These  peptides  retained  the  carbohydrate  residues 
which  are  characteristic  of  the  mAChRs,  and  must 
therefore  have  extended  to  the  N-terminus  of  the 
sequence.  After  deglycosylation,  the  molecular  weights 
of  the  peptides  were  estimated  to  be  22  kDa  and  14  kDa 
respectively,  indicating  the  presence  of  ca.  200  and  130 
amino  acid  residues,  respectively.  It  was  proposed  that 
the  peptides  originate  from  different  co-punfied 
mAChR  subtypes  in  the  rat  forebrain  preparation,  the 
longer  one  being  generated  by  cleavage  at  Lys236  in  the 
m4  sequence,  and  the  shorter  by  cleavage  at  Lysl36  in 
the  ml  sequence  (Fig.  1).  mRNAs  for  both  subtypes  are 
expressed  at  comparatively  high  levels  in  rat  forebrain^. 
By  both  pharmacological  and  functional  criteria,  it 
seems  safe  to  assume  that  ml  and  m4  mAChR  proteins 
are  present  in  forebrain  membranes,  and  are  likely  to  be 
present  in  the  purified  pieparation. 

Subcleavage  and  sequencing 
_  Jo  obt-ain  sequenceable  peptides,  the  34  kDa  and  28 
kua  peptides  were  partially  separated  from  one 
another  by  high-resolution  gel  filtration  and  sub¬ 
cleaved  with  cyanogen  bromide,  an  agent  which, 
under  the  conditions  used,  cleaves  speaficaliy  on  the 


c  c 

-  s- 

1 

c 

•S - 1 

c 

C 

c 

1 1 
-• — • — 

1 

»  K  I  il 

t 

Ul.# _ 1 _ 

1 

»  1 1  11 _ 1  1 

71  79  88  99105114122  136 


ft 


-  s-s  - 

c 

c 

C 

c  c  c 

C 

L 

1 

C 

i 

1 

I’ 

{  u 

1 

i 

i 

-♦ 

— Vx. 

X — 

1 _ 

W  -t*  M  .  .  1  II  l_  _ 

1. 

III.  III! 

11 

53 

77  85 

105111120128 

176 

■  ‘ 

236 

•M4 


Fig  t  Location  of  important  features  within  the  first  250  residues  of  the  rat  mi  rmrima  mAr.hft  connanros  tho  -^r^haiy^ 

Wofe  'oat  these  occur  where  there  are  ctusteis  of  basic  residues  asatlys  136  (mt)  or  Lys236  (rn4). 

fC)  Asparf/c  acid  residues  are  indicated  by  x,  and  where  they  are  the  major  site  of 
f  ^  HP  SCM  they  are  indicated  by;  c  N-glycosytation  sites,  a  putative  disulfide  bond,  and  the  position  of  the 

transniembrane  helices  are  also  shown  ,  ^  ^ 


24 


TiPS  -  December  7939  bupplement 


TABLE  I  Predicted  and  actual  sequencing  release  patterns 


Site  of  PH]- 

Sequencing  Release 

mAChR 

Site  of 

PrBCM 

predicted 

found 

subtype  cleavage 

labelling 

cycle  no. 

cycle  no. 

ml 

Me!88 

Asp99 

11 

It 

ml 

Met88 

AsplOS 

17 

17 

ml 

Met79 

Asp99 

20 

20 

m4 

Met85 

AsplOS 

20 

m1 

Met79 

AsplOS 

26 

26 

m4 

Met85 

Asp1 1 1 

26 

C-terminal  sirie  of  methionine  residues.  CNBr  cleavage 
sites  are  marked  in  Fig.  1 . 

The  fractions  ennched  in  the  28  kDa  peptide  yielded 
primarily  a  (^HlPrBCM-labelled  CNBr  .'leavage  product 
of  2.7  kDa  molecular  weight  cor'-e.sponding  to  ca.  25 
amino  acids.  From  fractions  ennched  in  the  34  kDa 
peptide,  an  additional  [^HlPrBCM-labelled  CNBr 
cleavage  product  of  3.9  kDa,  or  ca.  35  amino  acids  was 
obtained.  The  probable  origin  of  these  peptides  is  by 
cleavage  at  Met88  and  Metll4  in  the  ml  sequence,  and 
at  Met85  and  Metl20  in  the  m4  sequence,  respectively. 
Both  of  these  sequences  contain  two  Asp  residues, 
namely  Asp99  and  AsplOS  (ml  sequence)  or  AsplOS 
and  Asplll  (m4  sequence),  both  of  which  are  candi¬ 
dates  for  (3H]PrBCM  alkylation. 

To  identify  the  labelling  site,  the  cleavage  products 
were  .subjected  to  pulsed  liquid-phase  sequencing. 
From  CNBr  cleavages  of  fractions  enriched  in  the  34 
kDa  peptide,  there  was  clear,  unequivocal  Edman 
degradation-specific  release  of  after  26  sequencing 
cj'cles  (Hulme,  E.C.,  Curtis,  C.A.M.,  Wheatley,  M., 


Harris,  A.C.M.  and  Aitken,  A.,  unpublished).  From 
cleavages  of  fractions  enriched  in  the  28  kDa  peptide, 
there  was  also  release  after  26  cycles,  but  also  statistic- 
a!ly-sig,iificant  release  after  11,,  17  and  20  cycles  in  some 
experiments.  However,  in  general,  these  subsidiary 
sites  of  release  have  proved  less  reproducible  than 
release  after  26  cycles  of  Edman  degradation.  These 
results  are  summarized  in  Table  1. 

Release  after  26  cycles  supports  j-'HjFrBChi 
of  Aspl05  (ml)  or  Asplll  (m4)  with  cleavage  at  the 
conserved  Met  residue  71  (ml)  or  77  (m4).  It  should  be 
noted  that  cleavage  of  the  ml  sequence  at  the  non- 
consen'ed  residue  Met88  proceeds  less  readily  than 
cleavage  at  Met79,  particularly  in  the  larger-scale 
cleavages  necessary  for  sequencing  work.  This  con¬ 
served  Asp  residue  thus  seems  to  be  the  primary  site  of 
labelling.  However,  the  obocrvation  of  release  after  11 
or  20  sequencing  cycles  is  compatible  with  the  presence 
of  a  proportion  of  the  label  at  ihe  second  Asp  residue 
(Asp99,  ml  sequence).  So  far,,  there  has  nAy  been 
evidence  for  this  in  fractions  derived  from  cleavage  of 
the  28  kDa  precursor  peptide,  which  is  believed  to 
originate  from  the  ml  sequence. 

Structural  implications 

The  primary  site  of  [SHjPrBCM  labelling,  namely 
AsplOS  (ml)/Asplll  (m4)  is  located  within  trans¬ 
membrane  helix  3  of  the  mAChR  sequences  (Fig.  1). 
The  presence  of  an  acidic  residue  at  this  position  is 
characteristic  of  the  cationic  amine  receptor 
sequences''".  Mulalion  of  the  correspondinK  residue  in 
the  p-adrenergic  receptor  to  Asn  greatly  reduced  the 
affinity  of  the  mutant  receptor  for  both  agonists  and 
antagonists'.  The  evidence  thus  strongly  supports  a 
role  for  this  Asp  residue  in  binding  the  headgroup  of 
muscarinic  ligands  and  other  cationic  amines. 
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The  tentative  evidence  for  labelling  of  the  more 
superficially-located  Asp  residue  in  the  ml  sc<juence  is 
harder  to  interpret.  There  is  no  reason  to  suppose  that 
this  residue  pla\'''  a  major  part  in  the  equilibrium 
binding  o“  ligands,  i-fowever,  because  of  its  proximity 
to  the  binding  site  Asp,  and  its  location  at  the  mouth  of 
the  binding  site,  it  may  have  a  secondary  role,  possibly 
participating  in  the  transition  state  of  ligand  binding. 

It  is  interesting  to  note  that  there  is  a  second  amino 
acid  residue  which  appears  to  be  characteristic  of 
cationic  amine  receptors^.  This  is  Tyr408  (ml 
sequence)  This  residue  corresponds  to  the  retinal 
attachment  lysine  in  the  rhodopsin  family  of  proteins®. 
It  always  occurs  in  conjunction  with  the  trans¬ 
membrane  3  binding  site  Asp  residue,  but  is  not  found 
in  G  protein-coupled  receptors  which  are  not  cationic 
amine  receptors'.  The  co-conservation  of  the  trans¬ 
membrane  3  Asp  and  the  transmembrane  7  Tyr  may 
indicate  a  structural  association,  e.g.  a  hydrogen  bond 
and  justify  between  them.  The  existence  of  such  a 
stnicturally-important  hydrogen  bond  would  have 
major  implications  for  the  interpretation  of  site-direc¬ 
ted  mutagenesis  studies  on  this  class  of  receptors. 

A  helical  wheel  model  of  the  iiiAChRs 

The  transmembrane  regions  of  the  mAChRs  vary  in 
their  hydrophobicity.  Transmembrane  7  contains  a 
particularly  high  proportion  of  hydrophilic  amino 
acids.  Plotting  the  sequences  of  the  Iransmembrane 
regions  on  helical  nets  shows  that  transmembrane  3 
and  transmembrane  7  are  both  strongly  amphiphilic, 
with  a  face  consisting  of  hydrogen  bonding  residues 
(Tyr,  Ser,  Thr,  Asn,  Trp,  Asp)  running  the  entire  length 
of  the  helix.  The  remainder  of  the  helix  surface  is 
uniformly  hydrophobic  Hydrophilic  patches  can  be 
identified  on  other  helices,  e.g.  transmembrane  6  and 
transmembrane  1.  In  transmembr-ine  6,  a  cluster  of 
hydrophilic  residues  around  the  proline  induces  a 
marked  fluctuation  in  the  hydropathicity  plot. 

If  the  transmembrane  sequences  of  the  mAChRs  are 
drawn  on  helical  wheel  projections,  it  is  possible  to 
arrange  them  so  that  most  of  the  conserved  residues  are 


on  the  inside  of  the  structure  (or  at  helix  boundarie.s), 
whilst  most  of  the  non-conserved  residues  are  on  the 
outside,  facing  the  lipid  bilayer  (Fig  2)  It  is  t.hen  found 
that  the  majority  (ca.  30  out  of  47)  of  the  potential 
hydrogen-bonding  side  chains  face  one  another  around 
a  central  pore-like  cavity.  Several  of  the  apparently 
outward-facing  hydrogen-bonding  residues  are  at  or 
near  helix  boundaries,  where  they  may  be  able  to 
interact  with  the  aqueous  phase. 

The  transmembrane  7  Tyr  and  the  transmembrane  3 
Asp  can  be  bought  into  close  proximity,  in  accord  with 
the  hypothesis  that  the  two  residues  may  interact  in  the 
cationic  amine  receptor  sequences.  There  are  scarcely 
any  non-conserved  residues  in  the  central  pore-like 
region.  If  this  model  is  valid  the  mAChRs  enclose  a 
highly-conserved,  hydrophilic  cavity,  which  seems  to 
be  involved  in  ligand  binding.  Most  of  the  variation  in 
the  transmembrane  regions  occurs  in  hydrophobic 
portions  of  the  structure  facing  the  lipid  bilayer,  where 
they  are  r.ot  subject  to  the  necessities  of  interhelix 
hydrogen  bonding,  or  packing  constraints.  In  many 
respects,  this  form  of  protein  organization  is  the 
obverse  of  that  of  soluble  globular  proteins,  in  which 
the  hydrophilic  residues  lend  to  be  on  the  surface, 
v/hilst  the  hydrophobic  amino  acids  are  close-packed 
together  in  the  core. 
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Genetic  approaches  to  the  determination  of 
structure-function  relationships  of 
G  protein-coupled  receptors 

Catherine  D.  Strader,  Irving  S.  Sigal  and  Richard  A.F.  Dixon 


The  fi-adreitergic  receptor  tchich  has  been  exlensivelt/  characterized  pharmacologically,  serves  as  a 

useful  model  system  for  the  analysis  of  the  structure-function  relationships  of  G  protein-coupled  receptors. 
Genetic  and  biochemical  analysis  has  revealed  that  the  ligand  binding  domain  of  the  receptor  involves  residues 
within  the  hydrophobic  transmembrane  core  of  the  protein.  Molecular  substitution  experiments  suggest  that 
adrenergic  agonists  and  antagonists  are  anchored  to  the  receptor  thioiigh  an  ionic  interaction  between 
Aspll3  in  the  third  hydrophobic  region  of  the  receptor  and  the  protonated  amine  group  of  the  ligand,  hi 
addition,  catecholamine  agonists  are  bound  through  hydtogen  bonding  interactions  between  two  serine 
residues  in  the  fifth  hydrophobic  domain  of  the  receptor  and  the  catechol  hydroxyl  groups  of  the  ligand. 
Agonist-mediated  activatio.,  of  the  G  protein  Gj  requires  residues  ivithin  the  q/toplasniic  loop  linking  the  fifth 
and  sixth  transmembraiic  helices  which  arc  predicted  to  form  aniphipatliic  oi-helices.  The  strong  structural 
similarities  among  G  protein-coupled  receptois  imply  that  the  information  gained  from  genetic  analysis  of  the 
{iAR  should  be  applicable  to  other  hoiinone  and  neurotransmitter  receptors  of  this  class. 
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Many  hormones  and  neurotransmitters,  both  peptides 
and  small  molecules,  mediate  their  intracellular  effects 
through  interactions  with  guanine  nucleotide  binding 
regulatory  protein  (G-protein)  linked  receptors'.  The 
binding  of  hormone  agonists  to  cell  surface  receptors 
leads  to  the  formation  of  a  high-affinity  complex 
between  the  ligand-bound  receptor  and  one  of  a  family 
of  related  G  proteins.  The  formation  of  this  ternary 
hormone-receptor-G  protein  complex  results  in  the 
release  of  GDP  from  the  guanine  nucleotide  binding 
site  of  the  G  protein,  allowing  Gi'P  to  bind.  The 
GTP-bound  form  of  the  G  protein  is  the  activated  form, 
which  dissociates  from  the  receptor  and  interacts  with 
specific  effector  enzymes,  modulating  the  levels  of 
intracellular  second  messengers.  At  least  50  different  G 
protein-coupled  receptor  systems  have  been  identified 
to  date.  In  addition,  at  least  10  different  G  proteins  link 
cell  surface  receptors  to  a  variety  of  effector  pathways, 
including  adcnylyl  and  guanylyi  cj'clase,  K+  and  Ca^* 
channels,  phosphodiesterases,  and  phospholipases  A 
and  C.  Thus,  the  signal  transduction  pathway  involv¬ 
ing  G  protein-coupled  receptors  represents  one  of  the 
major  mechanisms  of  transmembrane  signaling  in 
cellular  systems. 

Receptor  structure 

The  recent  cloning  of  the  genes  encoding  several  of 
these  receptors,,  G  proteins,  and  effector  enzymes  has 
revealed  structural  similarities  within  each  of  these 
classes  of  proteins,  presumably  reflecting  their  com¬ 
mon  mechanisms  of  action  (for  review,  see  Ref.  2).  All 
of  the  G  protein-coupled  receptors  whose  primary 
sequences  have  been  determined  by  this  method  are 
characterized  by  the  appearance  of  7  stretches  of  20-25 
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hydrophobic  amino  acid  residues  which  would  be 
predicted  to  form  transmembrane  ot-helices.  Most  of 
the  sequence  conservation  among  these  receptors 
resides  within  these  putative  7  transmembrane 
domains,  which  are  separated  by  8  more  divergent 
hydrophilic  regions,  predicted  to  form  alternating 
extracellular  and  intracellular  loops.  A  model  for  the 
transmembrane  orientation  of  the  jl-adrenergic  recep¬ 
tor  (PAR)  is  shown  in  Fig.  1,  This  model  for  the 
structure  of  the  pAR  is  based  on  analogies  with 
structural  data  for  bacteriorhodopsin,  which  has  a 
similar  hydropathy  profile^.  Similar  transmembrane 
topographies  have  been  predicted  for  all  of  the  G 
protein-linked  receptors  whose  sequences  ai  e  currently 
known.  The  extramembraneous  exposure  of  many,  but 
not  all,  of  the  hydrophilic  loops  of  the  receptor  has  been 
confirmed  by  biochemical  or  immunological  tech¬ 
niques.  In  addition,  the  N-terminal  hydrophilic 
domains  of  these  receptors  contain  consensus  glycosy- 
lation  sites,  which  have  been  demonstrated  to  be 
glycosylated  in  the  PAR'  and  rhodopsin^,  suggesting 
that  the  N-terniini  of  these  proteins  are  exposed 
extracellularly.  The  predicted  transmembrane  top¬ 
ography  would  then  dictate  an  alternating  cytoplasmic 
and  extracellular  exposure  for  the  remaining  hydro¬ 
philic  loops,  leaving  the  cytoplasmic  tail  of  the  receptor 
exposed  intracellularly.  It  is  important  to  emphasize 
that  the  structure  of  the  receptor  which  is  presented  m 
Fig.  1  depicts  a  working  model  for  the  pAR,  with  the 
actual  secondary  and  tertiary  structure  of  the  protein 
remaining  to  be  determined.  However,  as  detailed 
beloiv,  such  a  model  has  proven  useful  in  transferring 
information  obtained  for  one  G  protein-linked  receptor 
to  other  related  systems. 

Ligand  binding  domain 

Because  of  the  wealth  of  structure-activity  inform-i- 
tion  available  for  P-adrenergic  ligands,  the  PAR,  which 
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couples  io  Ihe  G  orofem  Gs  to  activate  adenylyl  cyclase, 
represents  a  usefiil  model  system  for  the  determination 
of  structure-function  relationships  of  G  protein- 
coupled  receptors.  In  order  to  determine  which  regions 
of  the  receptor  protein  are  required  for  ligand  binding 
to  occur,  deletions  were  made  in  the  (lAR  gene  to 
remove  each  of  the  hydrophilic  and  hydrophobic 
doiudiiib  of  the  protein  independently.  The  resulting 
mutant  receptors  were  expressed  in  mammalian  cells 
and  their  biochemical  and  pharmacological  properties 
determined^.  The  ability  of  the  mutant  receptors  to  be 
fully  glycosylated  and  inserted  into  the  cell  membrane 
was  assessed  by  the  appearance  of  the  protein  as  a 
broad  band  with  an  apparent  molecular  weight  of 
67  kDa  on  SDS-polyacrylamide  gels,  detected  by 
protein  immunoblotting  using  an  antibody  specific  for 
the  PAR®.  In  contrast,,  nonglycosylated  receptor 
migrated  as  a  sharp  immunoreactive  band  at  47  kDa. 
Failure  of  a  mutant  receptor  to  be  normally  glyco.sylated 
or  membrane  associated  was  taken  as  diagnostic  of  an 
adverse  affect  of  the  mutation  on  the  tertiary  structure 
of  the  receptor.  By  these  criteria,  deletions  of  any  of  the 
7  hydrophobic  regions  of  the  PAR,  either  alone  or  in 
pairs,  or  of  regions  which  would  be  predicted  to  form 
junctions  between  the  membrane-spanning  helices  and 
the  extramembraneous  loops,  resulted  in  a  failure  of 
the  protein  to  fold  properly  and  be  inserted  into  the 
membrane®'^.  These  data  suggested  that  the  hydro- 
phobic  putative  transmembrane  domains  are  critical  for 
the  structural  integrity  of  the  receptor  protein.  On  the 
other  hand,  most  of  the  hydrophilic  regions  of  the 
receptor  could  be  deleted  without  adversely  affecting 
either  the  appearance  of  the  PAR  in  the  membrane  or 
the  ligand  binding  properties  of  the  receptor.  These 
experiments  demonstrated  that  most  of  the  extramem¬ 
braneous  hydrophilic  regions  of  the  protein  are  not 
required  for  ligand  binding  to  occur,  indicating  that  the 
ligand  binding  domain  of  the  receptor  is  located  within 
its  hydrophobic  transmembrane  core®'^.  This  result  is  of 
interest  in  light  of  data  indicating  that  the  binding  site 
of  retinal  in  rhodopsin,  which  couples  to  the  G  protein 
transducin,  is  also  located  within  the  hydrophobic  core 
of  the  protein’*.  Retinal  interacts  with  opsin  through  the 
formation  of  a  Schiff  base  with  the  side  chain  of  Lys296 
in  the  seventh  hydrophobic  domain.  Furthermore, 
biophysical  studies  suggest  that  the  bound  chromo- 
phore  in  rhodopsin  is  buried  approximately  30%  into 
the  membrane  bilayer.  The  localization  of  the  binding 
sites  of  both  the  PAR  and  rhodopsin  to  the  hydrophobic 
regions  of  these  proteins  supports  the  hypothesis  that 
the  similar  structural  features  of  these  two  proteins 
reflect  similarities  in  function  and  suggests  the  possibil¬ 
ity  of  extrapolating  structural  data  from  one  G  protein- 
coupled  receptor  system  to  another. 

In  order  to  define  the  specific  molecular  interactions 
involved  in  anchoring  the  ligand  to  its  binding  site  in 
the  receptor,,  a  series  of  site-specific  mutations  was 
introduced  into  the  PAR  gene,  resulting  in  substitu¬ 
tions  of  single  amino  acid  residues  within  the  receptor. 
The  sites  of  the  mutations  were  selected  by  analysis  of 
pharmacophore  maps  of  P-adrenersric  livandc  a?  on»- 
iined  in  Fig.  2.  Ihe  endogenous  agonists  for  the  PAR 
are  catecholamines,  characterized  by  a  protonaled 
amine  group  which  is  separated  from  a  catechol  ring  by 


a  P'hydroxyethyl  chain*.  The  identity  of  the  substituent 
on  the  amine  distinguishes  the  endogenous  ligands 
epinephrine  and  norepinephrine,  defining  the  two 
subtypes  of  the  PAR  [PiAR:  Ka(epinephrine)  = 
Ka(norepinephrine);  PaAR:  J^a(epinephnne)  <  fCa{nor- 
epinephrine)).  The  protonated  amine  and  the 
p-hydroxyl  group  of  the  ligand  are  important  for  both 
agonist  and  antagonist  binding  to  the  receptor,  where¬ 
as  the  catechol  moiety  is  characteristic  of  agonists. 
Furthermore,  antagonists  are  characterized  by  an 
increased  hydrophobicity  of  the  aromatic  ring  structure 
and  an  inci  eased  distance  between  the  aromatic  ring 
and  the  amine  group.  This  is  usually  achieved  by  the 
substitution  of  a  phenoxymethylene  moiety  for  the 
phenyl  ring  of  the  agonists.  Tb.us,  specific  molecular 
requirements  for  ligand  binding  to  the  PAR  include  an 
interaction  with  the  protonated  amine,,  hydrogen 
bonding  interactions  with  the  p-hydroxyl  and  catechol 
hydroxyl  groups,  and  agonist-  or  antagonist-specific 
aromatic  interactions  with  the  ring  systems  (Fig.  2). 

Because  some  of  the  structural  features  of  adrenergic 
ligands  are  shared  by  ligands  which  recognize  other  G 
protein-coupled  receptors,  one  might  expect  that 
amino  acid  residues  in  the  receptor  which  interact  with 
certain  functional  groups  on  the  ligands  would  be 
selectively  conserved  with  other  G  protein-coupled 
receptors  which  bind  similar  ligands.  By  this  reasoning, 
the  amino  acid  residue(s)  in  the  pAR  which  interact 
with  the  protonated  amine  group  of  the  ligand  would 
be  predicled  to  be  conserved  with  other  G  protein- 
linked  receptors  which  bind  protonated  amine  ligands, 


Fig.  1  Model  for  the  iransmembrane  topology  of  the  t^AR  The 
horizontal  lines  represent  the  limits  of  Ihe  membrane  bilayer, 
with  the  extracellular  space  at  the  top  of  the  page  Ammo  acid 
residues  represented  by  squares  could  be  deleted  from  the 
receptor  without  affecting  ligand  binding  or  protein  folding. 
Asp!  13,  Ser204.  and  Ser207  are  encircled  in  bold.  The 
i^yiinaers  outline  the  regions  in  the  third  intracellular  loop  which 
are  required  for  G  protein  coupling  Reprinted  with  permission 
of  the  American  Journal  of  Respiratory  Cell  and  Molecular 
Biology,  1989:  Vol  1,  No.  2 
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such  as  the  a-adrenergic  (tvAK),  muscarinic  acetylchol¬ 
ine  (MAChR),  5-HT,  and  dopamine  receptors,  but  not 
with  the  receptors  whose  ligatrds  are  not  protonated 
amines.  Similarly,  the  residue(s)  involved  in  binding  to 
the  jl-hydroxyl  group  would  be  expected  to  be  speafic 
for  the  aAR  and  jlAR,  whereas,  residue(s)  which 
interact  with  the  catechol  ring  of  adrenergic  agonists 
might  be  conserved  among  the  aAR,  pAR,  and  the 
dopamine  receptor.  The  structure-function  analysis  of 
the  pAR  in  our  laboratory  has  focused  on  the  identifica¬ 
tion  of  specific  amino  acid  residues  in  the  receptor 
responsible  for  these  molecular  interactions  with  the 
ligand. 

In  order  to  identify  amino  acid  residues  involved  in 
anchoring  the  protonated  amine  group  of  the  ligand  to 
the  receptor,  mutations  were  introduced  into  the  PAR 
gene  to  replace  acidic  amino  acids  located  within  the 
hydrophobic  domain  of  the  receptor  with  neutral 
residues'®-'*.  Three  such  acidic  lesidues,  Asp79, 
Glul07,  and  Aspll3  in  the  hamster  PAR,  are  conserved 
among  adrenergic  receptors,  making  them  candidate 
counter-ions  for  the  protonated  amine  moiety  of  the 
ligand.  Mutations  were  introduced  at  these  positions, 
producing  [Ala'^jpAR,  (Ala'®^]PAR  and  [Asn"3]PAR, 
which  were  expressed  in  mammalian  cells'®.  Examin¬ 
ation  of  the  ligand  binding  properties  of  these  mutant 
receptors  revealed  an  absolute  requirement  for  Aspll3 
in  the  third  putative  transmembrane  domain  of  the 
receptor  in  order  for  normal  ligand  binding  to  occur. 
Substitution  of  Aspll3  with  an  Asn  residue  resulted  in 
a  10  000-fold  decrease  in  the  affinity  of  the  receptor  for 
adrenergic  agonists".  Substitution  of  a  Glu  residue  at 
this  position  caused  a  100-300-fold  decrease  in  the 
affinity  of  activation  by  adrenergic  agonists,  suggesting 
that  both  the  negative  charge  at  position  113  and  the 
positioning  of  that  charge  within  the  receptor  structure 
are  important  in  determining  the  affinity  of  the  receptor 
for  the  ligand.  The  affinity  of  the  receptor  for  adrener¬ 
gic  antagonists  was  also  decreased  dramatically  by  the 


substitution  of  a  Glu  or  an  Asn  residue  for  Aspll3, 
indicating  that  this  residue  is  involved  in  the  binding  of 
both  agonists  and  antagonists  to  the  PAR. 

Interestingly,  seveial  adrenergic  antagonists,  such  as 
alprenolol  and  pindolol,  displayed  partial  agonist 
activity  at  [G!u"®]PAR,  stimulating  adenylyl  cyclase 
activation  by  this  mutant  receptor  to  levels  of  10-35% 
maximal'^.  These  ligands  were  full  antagonists  at  the 
wild-type  pAR  and  at  [Asn"3]pAR.  Thus,  the  substitu¬ 
tion  of  a  Gill  for  Aspll3,  altering  the  distance  between 
the  negative  charge  and  the  protein  backbone,  allowed 
the  PAR  to  assume  its  active  conformation  upon 
binding  antagonist  ligands  which  normally  do  not 
activate  the  wild-type  receptor.  These  results  argue  for 
the  existence  of  overlapping  binding  sites  for  adrener¬ 
gic  agonists  and  antagonists  and  suggest  that  the 
position  of  the  negative  charge  at  position  113  is 
important  in  determining  the  orientation  of  the  ligand 
in  the  binding  pocket  of  the  receptor.  In  contrast  to  the 
absolute  requirement  for  the  acidic  residue  at  position 
1 1 3,  substitution  of  Asp79  with  Ala  reduced  the  affinity 
of  the  receptor  for  agonists  by  tenfold  without  affecting 
antagonist  binding,  and  substitution  of  Glul07  with 
Ala  had  no  effect  on  ligand  binding  to  the  PAR*®.  Thus, 
it  appears  that  adrenergic  agonists  and  antagonists 
interact  with  the  receptor  at  position  113,  probably 
through  the  formation  of  an  ion  pair  between  the 
carboxylate  side  of  Aspll3  and  the  protonated  amine 
group  of  the  ligand.  This  assignment  is  supported  by 
the  observation  that  an  Asp  residue  at  the  position 
analogous  to  that  of  Aspll3  in  the  pAR  is  present  in  all 
known  G  protein-coupled  receptors  which  bind  proto¬ 
nated  amine  ligands,  including  the  aAR,  pAR, 
MAChR,  dopamine  receptor,  and  5-HT  receptor,  but  is 
not  present  in  those  receptors  whose  ligands  are  not 
protonated  amines,  such  as  the  opsins,  substance  K, 
and  angiotensin  receptors". 

A  similar  strategy  of  combined  genetic  and  biochem 
ical  analysis  has  led  to  the  identification  of  two  Ser 
residues  in  the  fifth  hydrophobic  domain  of  the  PAR 
which  are  required  for  the  normal  binding  and  activa¬ 
tion  by  catecholamine  agonists'^.  Substitution  of  either 
Ser204  or  Ser207  with  Ala  residues  decreased  the 
affinity  and  efficac)'  of  agonists  at  the  receptor,,  without 
affecting  antagonist  binding  properties.  The  magnitude 
of  the  decrease  in  binding  activity  of  these  mutant 
receptors  was  consistent  with  the  removal  of  a 
hydrogen  bond  by  these  mutations,  suggesting  that 
these  Ser  residues  may  be  involved  in  stabilizing  one  or 
more  of  the  hydroxyl  moieties  of  the  ligand  in  the 
binding  pocket  of  the  receptor  (Fig.  2).  The  decreases  in 
agonist  affinity  for  these  mutant  receptors  were  addi¬ 
tive  with  the  decreases  in  affinity  observed  upon 
removal  of  the  P-hydroxyl  group  from  the  ligands. 
Coupled  with  the  absence  of  an  effect  of  these  mu¬ 


Fig.  2  Map  of  ligand-receptor  interactions  in  the  binding  site 
of  the  pAfl.  A  catecholamine  ligand  is  shown  in  a  hypothetical 
binding  site  intercalated  among  the  transmembrane  helices  of 

inS  fGCCpiO’  uuCh  of  tnO  'ai'yv  tUfJiVbViUb  d 

transmembrane  helix  of  the  receptor,  inscribed  with  the  type  of 
binding  interaction  expected.  Other  G  protein-coupled  recep¬ 
tors  which  would  be  expected  to  have  similar  interactions  with 
their  specific  ligands  are  designated  in  boxes  next  to  each 
helix. 


tations  on  antagonist  b'nding,  this  observation  argues 
that  these  Ser  residues  are  not  involved  in  interactions 
with  the  P-hydroxyl  moiety,  "^effects  of  replace¬ 
ment*;  of  fipr7n4  and  Ser7n7  nri^annicl  affinihr  and 

t>  ■  ■  ■■■  J' 

efficacy  were  selectively  mimicked  by  the  removal  of 
the  meta  or  the  para  hydroxyl  gioup,  respectively,  from 
the  catechol  ring  of  the  ligand'’.  These  data  are 
consistent  with  the  involvement  of  the  hydroxyl  side 
chains  of  these  Ser  residues  in  hydrogen  bonding 
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Fig  3  Model  for  the  ligand  bingmg  sue  of  me  {^AR  The  view  of 
the  receptor  is  from  the  extracellular  lace  of  the  plasma 
membrane,  with  the  positioning  of  the  helices  according  to  the 
model  in  Ref  3  Transmembrane  helices  lli~VI  are  shown,  with 
the  location:  jf  residues  postulated  to  interact  with  the  ligand 
drawn  in  the  figure  Reprinted  with  permission  o/ /he  American 
Journal  of  Respiratory  Cell  and  Molecular  Biology,  1989.  Vol  1. 
No.  2 


interactions  with  the  catechol  hydroxyl  groups  of  the 
catecholamine  ligand.  One  hydrogen  bond  would  be 
fonned  between  the  side  chain  of  Ser204  and  the  mela 
hyctroxyl  group  of  the  ligand,  with  a  second  hydrogen 
bond  linking  the  para  hydroxyl  group  of  the  ligand  to 
the  hydroxyl  side  chain  of  Ser207.  Further  support  for 
these  assignments  arises  from  the  observation  that  Sei 
residues  analogous  to  Ser204  and  Ser207  are  present  in 
the  fifth  transme.mb,  ne  helices  of  all  known  G  protein- 
coupled  receptors  wh  vO  bind  catecholamine  ligands, 
including  the  aAR,  and  dopamine  receptor,  but 
are  absent  from  those  receptors  which  do  not  interact 
with  catechol  rings,  such  as  the  MA.ChR,  opsins,  and 
substance  K  receptor’^ 

Taken  together,  these  data  support  the  model  for  the 
ligand  binding  site  of  the  jiAR  which  is  shown  in  Fig.  3 
(Ref.  2).  The  ligand  binding  pocket  lesides  within  the 
hydrophobic  core  of  the  protein,  with  contnbutions 
from  amino  acids  located  on  various  transinembrane 
helices.  According  to  this  model,  the  protonated  amine 
group  of  the  ligand  forms  an  ion  pair  with  the 
carboxylate  side  chain  of  Aspll3  in  transmembrane 
helix  3,  whereas  the  catechol  ring  is  anchored  by 
hydrogen  bonding  interactions  between  She  catechol 
h  vdroxyl  groups  and  the  hydroxy!  side  chains  of  Ser2t)4 
and  Ser207  in  transmembrane  helix  5.  Other  molecular 
interactions,  yet  to  be  defined,  are  postulated  for 
attaching  the  other  functional  groups  of  the  ligand 
within  the  binding  pocket  of  the  receptor.  The  mode! 
shown  in  Fig.  3  represents  a  functional,  rather  than  a 


rigorous  structural,  model  for  receptor-ligand  inter¬ 
actions.  The  sites  of  interaction  which  are  shown  in  the 
model  would  impose  conformational  constraints  on  the 
orientation  of  the  ligand  in  the  binding  site  of  the 
receptor.  Structural  analysis  of  the  ligand-bound  form 
of  the  pAR  will  be  necessary  to  identity  these  conforma¬ 
tional  constraints  and  to  refine  further  our  understand¬ 
ing  of  the  structure  of  the  ligand  binding  site  of  the 
receptor. 

Molecular  replacement  analysis  has  been  less  suc¬ 
cessful  in  identifying  specific  interactions  of  the  recep¬ 
tor  with  the  substituent  on  the  amine  group  of  the 
ligand.  As  mentioned  above,  this  substituent  provides 
the  molecular  basis  for  the  selectivity  of  the  pi  and  P2 
receptor  subtypes  for  the  endogenous  agonists 
epinephrine,  which  has  a  methyl  group  at  this  position, 
and  norepinephrine,  which  has  a  hydrogen  atom 
attached  to  the  amine.  Pharmacological  analysis  of 
chimeric  receptors  having  increasingly  long  N-terminal 
portions  of  the  p^  receptor  attached  to  the  complemen¬ 
tary  C-terminal  portions  of  the  piAR  demonstrated 
that,  as  helix  4  of  the  receptor  was  changed  from  pi  to 
|5j,  the  affinities  of  the  agonists  for  the  receptor  became 
more  characteristic  of  the  P2AR''.  Subsequent  molec¬ 
ular  replacements  of  individual  helices  demonstrated 
that  this  alteration  in  subtype  specificit)  could  be 
achieved  by  substituting  helices  4  and  5  of  the  P2AR 
with  the  analogous  regions  of  the  piAR'"'.  In  contrast, 
smaller  helical  replacements  or  single  amino  acid 
substitutions  in  the  receptor  failed  to  affect  subtype 
specificity’5.  These  data  indicate  that  the  subtype- 
specific  differences  in  catecholamine  agonist  binding 
cannot  be  attributed  to  a  single  molecular  interaction 
between  the  ligand  and  any  amino  acid  residue  which 
is  divergent  between  the  pi  and  p2  receptors.  Rather, 
this  recognition  site  appears  to  arise  from  a  conforma¬ 
tion  of  the  receptor  which  is  influenced  by  sequences 
within  transmembrane  helices  4  and  5'^ 

Interactions  with  G  proteins 

lire  binding  of  agonists  to  the  PAR  promotes  its 
interaction  with  G3,  leading  to  the  activation  of 
adenylyl  cyclase.  Antagonists  do  not  promote  this 
functional  interaction  with  the  G  protein.  Deletion 
mutagenesis  and  molecular  replacements  have  been 
used  to  identify  the  site(s)  of  interaction  between  the 
receptor  and  the  G  protein.  Such  studies  have  indicated 
that  most  of  the  putative  extracellular  hydrophilic 
domains  of  the  PAR  can  be  deleted  without  affecting  G 
protein  coupling.  A  large  deletion  within  the  region 
predicted  to  form  the  third  intracellular  loop  of  the 
receptor,,  however,  results  in  a  complete  loss  of  G 
protein  coupling  and  adenylyl  cyclase  stimulation  by 
the  mutant  receptor'^  This  result  is  in  agreement  with 
experiments  showing  that  proteolytic  cleavage  within 
the  analogous  third  inti  acellular  loop  of  rhodopsin 
disrupts  Its  ability  to  couple  to  transducin'*.  Smaller 
deletions  ot  10-12  amino  acids  within  this  internal  loop 
of  the  BAR  revealed  that  the  8  residues  at  the 
N-terminus  of  this  loop  cannot  be  deleted  without 
abolishing  the  coupling  of  the  receptor  to  the  G*- 
adenylyl  cyclase  system’’.  In  addition,  a  deletion  of  12 
amino  acid  residues  at  the  C-terminus  of  this  loop 
significantly  attenuates  the  coupling  of  the  receptor  to 
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Gj.  In  contrast,  deletions  within  the  central  portion  of 
the  third  intracellular  loop  do  not  affect  the  coupling  of 
the  PAR  to  Gj.  Therefore,  the  regions  at  the  N-  and 
C-terminal  portions  of  the  third  intracellular  loop  of  the 
receptor  appear  to  be  required  for  normal  coupling  to  G 
proteins'^.  Most  of  the  C-terminal  tail  of  the  pAR  was 
determined  to  be  dispensible  for  G  protein  coupling, 
although  the  region  of  the  C-terminus  immediately 
adjacent  to  the  seventh  transmembrane  domain  was 
critical  for  protein  processing  and  could  not  be  ana¬ 
lyzed  by  this  technique**.  Replacement  of  the  N- 
terminal  region  of  the  third  intracellular  loop  of  the 
PAR  with  the  analogous  sequence  of  the  ml  muscarinic 
receptor,  which  couples  to  Gp  to  shmulate  phospho¬ 
lipase  C,  failed  to  restore  G  protein  coupling  to  the 
mutant  receptor*®.  In  contrast,  molecular  replacements 
of  the  C-terminal  region  or  of  the  second  intracellular 
loop  of  the  PAR  with  the  analogous  regions  of  the  ml 
muscannic  receptor  resulted  in  hybrid  receptors  which 
bound  adrenergic  ligands  and  coupled  normally  to 
adenylyl  cyclase  activation,  suggeshng  that  these 
regions  are  not  responsible  for  directing  the  specificity 
of  G  protein  coupling.  Consistent  with  these  results, 
molecular  replacement  studies  on  hybrid  ml-m2 
muscarinic  receptor  revealed  that  the  specificity  for  G 
protein  recognition  correlated  with  the  source  of  the 
third  intracellular  loop***.  Genetic  analysis  utilizing 
single  amino  aad  substitutions  in  this  region  will  be 
necessary  to  define  further  the  molecular  basis  for  G 
protein  specificity. 

The  regions  at  the  N-  and  C-termini  of  the  third 
intracellular  loop  of  the  PAR  which  are  implicated  in 
the  coupling  of  the  receptor  to  Gs  would  be  predicted 
by  secondary  structure  prediction  algorithms  to  form 
amphipathic  a-helices**.  This  structural  feature  is  of 
interest  in  light  of  the  observation  that  the  amphipathic 
peptide  mastoparan  is  able  to  activate  the  G  protein, 
G<,^®.  Although  this  hydrophilic  loop  represents  one  of 
the  most  divergent  regions  of  the  primary  sequence  of 
G  protein-coupled  receptors,  all  of  these  receptors 
would  be  predicted  to  have  amphipathic  helices  at  this 
position^.  These  observations  suggest  that  the  mechan¬ 
ism  of  coupling  between  receptors  and  G  proteins  may 
involve  interactions  with  these  amphipathic  domains. 
A.ccording  to  the  structural  model  proposed  for  the 
PAR,  these  amphipathic  regions  would  be  predicted  to 
form  cytoplasmic  a-helical  extensions  of  the  fifth  and 
sb<th  transmembrane  helices  of  the  receptor  (Fm.  1). 
This  location  of  a  region  involved  in  G  protein  coupling 
adjacent  to  the  fifth  hydrophobic  domain  of  the  PAR 
suggests  a  mechanism  by  which  agonist  binding  to  the 
receptor  might  stimulate  G  protein  coupling*®.  The 
interaction  of  the  ligand  with  the  serine  residues  in 
transmembrane  helix  5  could  cause  a  conformational 
change  in  this  helix,  which  could  be  transmitted  to  the 


amphipathic  region  at  the  bottom  of  helix  5,  allowing 
the  receptor  to  interact  with  Gs.  Antagonists,  which  do 
not  interact  with  the  Ser  residues  in  transmembrane 
helix  5,  would  not  be  expected  to  cause  this  conforma¬ 
tional  change  and,  hence,  would  not  promote  G  protein 
activation. 

The  nature  of  the  conformational  changes  which 
accompany  agonist  binding  to  the  receptor,  and 
detailed  investigation  of  this  iiypothcsis  for  receptor 
activation,  will  avv'ait  biophysical  analysis  of  both  the 
receptor  and  the  G  protein.  The  dem.onstrated  signifi¬ 
cance  of  the  third  intracellular  loop  in  the  coupling  of 
several  different  receptors  to  G  proteins,  and  the 
involvement  of  Ser  residues  in  the  fift*r  hydrophobic 
domain  of  the  pAR  in  agoni.it  binding  and  activation, 
predicts  that  similar  agonist-specific  interactions 
involving  residues  in  the  fifth  transmembrane  domains 
of  other  G  protein-coupled  receptors  will  exist.  Tne 
idenhfication  of  these  and  other  binding  interactions 
should  provide  msights  into  t'le  molecular  basis  for  the 
ligand  recognition  and  G  protein  activation  function',  of 
these  receptors  and  lead  to  the  development  of  new 
classes  of  therapeutic  agents  which  act  to  potentiate  or 
to  disrupt  these  transmembrane  signaling  processes. 
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The  modes  of  binding  of  ligands  to  cardiac 
muscarinic  receptors 
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Hulme  and  *Keith  W.  Miller 


humble  groups  on  the  cardiac  muscarinic  receptor  zvhicli  regulate  the  binding  of  ligands  have  been 
examined  by  sludytng  the  pH  dependence  of  the  ligand  affinity  constants.  The  presence  of  three  titratable 
residues  (approximate  pK  values,  5.4,,  6.8  and  7.5)  whose  protonation  modulates  antagonist  binding  has 
been  demonstrated.  Cardioselective  antagonists  are  selectively  affected  by  the  protonation  state  of  the  pK6.8 
residue,  ivliereas  the  binding  of  antagonists  having  differing  sclectivities  is  more  strongly  iffected  by 
protonation  of  the  pK  5.4  residue  on  cardiac  receptors.  Methoctramine  is  capable  of  binding  to  both  the  pK  5.4 
and  6.8  residues  simultaneously.  Protonation  of  the  residue  of  highest  pK  produces  a  conformational  change 
at  the  receptor  which  can  affect  both  agonist  and  antagonist  binding.  It  is  now  possible  to  demonstrate 
differences  both  in  the  loay  ligands  bind  to  a  given  receptor  subtype  and  in  the  way  a  given  ligand  binds  to 
different  subtypes. 


For  many  years  the  dogma  has  been  that  a  large 
contribution  of  the  binding  energy  of  muscarinic 
ligands  to  their  receptor  comes  from  the  interaction  of  a 
positively  charged  group  with  a  negatively  charged 
amino  acid  residue  on  the  receptor*.  The  sequence 
determination  of  five  molecular  species  of  muscarinic 
receptors  (for  reviews  see  Refs  2  and  3)  and  the  ability  to 
mutagenize  these  receptors  now  allows  the  possibility 
of  identifying  the  negatively  charged  residue  or  resi¬ 
dues  in  order  to  begin  to  build  a  picture  of  the  binding 
site  and  discover  differences  in  the  structures  of  the 
subtypes  which  may  be  exploited  ir  the  binding  of 
selective  ligands. 

The  problem  has  been  approached  by  using  the 
aziridinium  ion  of  PH]propylbenzilylcholine  mustard 
to  label  covalently  specific  residues  on  purified  cortical 
muscarinic  receptors'*'®.  This  paper  presents  the  pre¬ 
liminary  results  of  a  complementary  study  in  which  the 
effects  of  the  protonation  state  of  the  receptor  on  the 
binding  of  muscarinic  ligands  has  been  examined. 

General  approach 

It  was  decided  to  investigate  initially  the  binding  of 
ligands  to  rat  cardiac  muscarinic  receptors.  The  binding 
properties  of  these  receptors  have  been  intensively 
'■'aracterized  (see  for  example  Refs  7-11)  and  reflect  a 
f  opulation  of  predominantly  M2  receptors.  In  subse¬ 
quent  studies  we  have  examined  the  M,  muscarinic 
receptors  111  rat  cerebral  cortex,  the  receptors  in  rat 
lacrimal  glands  (mainly  M3)  and  muscarinic  receptors 
on  CHO  cells  which  have  been  stably  transfected  with 
muscarinic  receptor  genes. 

The  buffer  system  used  was  a  borate/citrate/phos¬ 
phate  system  *2  which  has  a  constant  ionic  strength  over 
the  pH  range  3-11,  thereby  minimizing  the  variation  of 
affinity  constants  with  ionic  strength*®. 
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The  ligands  chosen  to  investigate  exhibit  a  range  of 
sclectivities  for  M,,.  M2  and  M3  receptors  as  well  as 
varying  in  the  nature  of  the  nitrogen  moiety  (quater¬ 
nary,,  tertiary  or  secondary)  in  their  structures 

The  binding  of  competitive  antagonists  to  M2 
receptors 

The  radioligand  used  in  most  of  our  binding  assays 
was  PH)N-methylscopolamine  (PHJNMS).  Receptor 
specific  binding  to  M2  receptors  (i.e.  that  component  of 
binding  of  pHjNMS  which  was  inhibited  by  lO'*  m 
3-quinuclidinylb3nzilate,  QNB)  was  detectable  over  the 
pH  range  4.^9,  The  binding  was  relatively  stable  at 
SO'C  in  the  time  range  of  10  min  to  1  h  but  a  loss  of 
specific  binding  was  observed  at  the  longer  incubation 
times  and  lower  pHs.  Saturation  curves  for  PH )NMS  as 
a  function  of  pH  were  constructed.  Above  pH  5  the 
estimated  number  of  binding  sites  was  independent  of 
pH.  The  affinity  constant  (K,,)  of  PHJNMS  was 
independent  of  pH  above  pH  7  but  decreased  at  lower 
pHs  to  such  an  extent  that  it  could  no  longer  be 
measured  accurately  below  pH  4.5  (Fig.  1). 

The  gradient  of  the  log-log  plot  in  Figure  1  ap¬ 
proaches  unity  at  lower  pHs  This  finding  is  com¬ 
patible  with  one  residue  on  the  receptor  being  proto- 
nated  in  the  pH  range  5-7  and  inhibiting  the  binding  of 
pHJNMS.  Indeed,  the  data  in  Figure  1  are  fitted  well 
by  a  theoretical  curve  in  which  the  ionizable  group  on 
the  receptor  has  a  pK  of  5.9.  Thus  a  proton  is  behaving 
as  a  competitive  antagonist!  In  studies  on  the  brain 
receptors  where  the  receptor  density,,  stability  and  the 
PHJNMS  affinity  constant  are  all  greater  than  for  the 
heart  receptors,  it  has  been  possible  to  demonstrate 
the  apparent  competitive  action  of  protons  down  to 
pH  3  The  changes  in  ("’HJNMS  affinity  constant  with 
dH  are  .ilsn  rpvprcjhio 

When  the  binding  of  pirenzepine  was  examined  in 
competition  experiments  with  [®HJNMS,  the  log  fC^-pH 
curve  was  bell-shaped  (Fig.  2).  The  form  of  this  curve 
resulted  from  the  deprotonation  of  pirenzepine  at  high 
pH  and  the  protonation  of  the  receptor  at  low  pH  both 
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Fig  1  The  pH  dependence  of  the  affinity  constant  (Ka)  for  the 
binding  of  pHJH-methylscopolamine  to  rat  cardiac  mus¬ 
carinic  receptors. 

resulting  in  decreased  binding  of  pirenzepine.  The  data 
are  compatible  with  a  model  in  which  pirenzepine  has  a 
pK  of  8.2-8.3  and  the  receptor  has  a  pK  of  6.1.  The 
former  value  is  in  agreement  with  pK  estimates 
obtained  by  electrometric  titration'-'.  The  pK  value 
calculated  for  the  receptor  agrees  reasonably  well  with 
that  calculated  using  NMS  as  the  ligand.  From  these 
limited  data  one  might  conclude  (erroneously  as  it 
turns  out)  that  a  single  protonable  group  with  a  pK  of 
~6  regulates  antagonist  binding  to  cardiac  receptors. 

A  surprising  finding  emerged  when  the  pH  depen¬ 
dence  of  the  binding  of  a  number  of  other  antagonists 
was  examined.  The  apparent  pK  calculated  for  the 
receptor  depended  on  the  nature  of  the  ligand.  This  is 
illustrated  for  AF-DX  116  and  benzhexol  (Fig.  3).  The 
log  fC,  for  AF-DX  116  shows  a  much  greater  pH 
dependence  (50-fold)  than  that  of  benzhexol  (4-fold) 
over  the  pH  range  5-8.  Although  both  these  antagon¬ 
ists  are  tertiary  amines,  the  pK  values  for  protonation  of 
the  relevant  N  atoms  are  expected  to  be  well  above  9. 
Hence,  over  the  whole  pH  range  illustrated,  they 
behave  as  positively  charged  ligands  (cf  [^HJNMS, 
Fig.  1). 

The  apparent  pK  values  for  the  receptor,  calculated 


>)n 

Fig  2  The  pH  dependence  of  the  affinity  constant  (Kg)  foi  the 
binding  of  pirenzepine  to  rat  cardiac  muscarinic  receptors. 
The  estimated  pK  value  ui  pirenzepine  (8  3)  and  the  apparent 
pK  value  of  the  receptor  (6.1)  are  indicated  by  the  arrows 


from  the  benzhexol  and  AF-DX  116  are  5.6  and  6.8.  This 
means  that  at  least  two  ionizable  groups  on  the  receptor 
must  be  capable  of  regulating  antagonist  b'nding,  and 
that  benzhexol  and  AF-DX  116  bind  in  a  sufficiently 
different  manner  to  caidiac  muscarinic  receptors  so  that 
protonation  of  different  amino  acid  residues  on  the 
receptor  can  differentially  affect  the  binding  of  one 
ligand  or  the  other.  When  the  binding  of  a  number  of 
antagonists  is  compared  it  is  found  that  they  form  two 
groups;  those  antagonists  which  give  an  apparent  pK 
lor  the  receptor  of  5.5-6. 1  and  those  grouping  in  the  pH 
range  6. 5-6.8.  It  seems  that  the  range  of  apparent  pK 
values  zvithni  a  group  are  real  and  not  due  to 
experimental  error.  Hence  it  is  not  possible  to  draw  the 
simple  conclusion  that  antagonists,  depending  on  their 
structure,  are  capable  of  interacting  exclusively  with 
one  or  the  other  of  two  ionizable  groups. 

A  most  important  feature  of  the  division  of  the 
binding  behaviour  of  antagonists  into  two  groups  is 
that  only  caroioselective  antagonists  give  high  appar¬ 
ent  pK  values.  Conversely,  no  cardioselective  antag¬ 
onists  have  been  found  in  the  group  of  antagonists 
giving  low  apparent  pK  values.  Despite  the  relatively 
small  number  of  antagonists  examined  (15)  it  seems  as 
if  cardioselectivity  may  be  associated  with  the  inter¬ 
action  with  the  ionizing  gioup  of  higher  pK 

The  binding  of  gallaminc  to  Mj  receptors 

The  finding  of  the  existence  and  importance  of  two 
ionizing  groups  for  the  binding  of  antagonists  sugges¬ 
ted  that  our  previous  demonstration  of  two  binding 
sites  for  ligands  on  muscarinic  receptors*’  might  be 
related.  The  latter  finding  was  based  initially  on  the 
ability  to  demonstrate  the  formation  of  ternary  com 
plexes  between  the  receptor  and  two  ligands,  e.g. 
PUJNMS  and  gallamine. 

The  interaction  between  gallamine  and  muscarinic 
receptors  is  characterized  by  two  affinity  constants,  the 
binding  of  gallamine  to  the  unliganded  receptor  (Ki) 
and  to  the  liganded  receptor  (K2).  The  ratio  of  these 
affinity  constants  (Kj/K2)  is  the  heterotropic  cooperativ- 
ity  between  the  binding  of  gallamine  and  the  other 
ligand  to  the  receptor. 

When  the  pH  dependence  of  the  binding  of  gallam¬ 
ine  wase,\amined  we  found  that,  as  would  be  predicted 
for  a  cardioselective  antagonist,  its  interaction  with  the 
unliganded  cardiac  receptor  (Kj)  gave  a  high  apparent 
pK  of  6.7,  However  this  apparent  pK  changed  to  6.2 
when  the  pH  dependence  of  gallamine  binding  to  the 
rcceptor-PHJNMS  complex  (K2)  was  calculated.  There¬ 
fore  the  binding  of  NMS  to  the  cardiac  receptor  changes 
the  apparent  pK  of  the  residue  that  regulates  gallamine 
binding  as  well  as  decreasing  the  gallamine  affinity 
constant. 

The  binding  of  incihoctramine  to  M2  receptors 

Methoctramine  is  a  cardioselective  muscarinic  antag¬ 
onist  whoso  tetramine  structure  is  quite  unusual'*  *". 
Wonfp  v.'ith  receptors  rtii^ht 

be  expected  to  be  different  from  those  of  other 
antagonists.  The  pH  dependence  of  methoctramine 
binding  shows  this  to  be  true.  At  high  pH  (8-9),  the 
affinity  is  approximately  constant  and  rises  4-fold  as  the 
pH  decreases  to  7,  whereupon  there  is  a  very  profound 
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decrease  in  affinity  as  the  pH  decreases  further.  Tins 
decrease  is  oUch  that,  at  pH  4,  methoct'-amine  binds 
~  10000  times  weaker  than  at  pH  7.  At  low  pH  (4-5)  the 
gradient  of  the  log  kVpH  curve  is  2,  indicating  that 
methoctramine  is  binding  simultaneously  to  two  ioniz- 
able  groups  with  pKs  above  5.  A  more  detailed  analysis 
suggests  that  these  pK  values  are  approximately  5  4 
and  6.8,  corresponding  to  the  extreme  values  found  for 
the  antagonists  described  earlier.  In  addition,  methoc¬ 
tramine  binding  appears  to  be  allosterically  regulated 
by  yet  another  titratable  residue  with  a  pK  of  approxi¬ 
mately  7.5.  This  pK  value  is  not  a  protonation  pK  of 
methoctramine  as  equivalent  pH  studies  of  methoc¬ 
tramine  binding  to  Mj  and  M3  receptors  do  not  show 
evidence  of  this  pK.  Furthermore,,  polyamines  sep¬ 
arated  by  more  than  four  methylene  groups  do  not 
have  pKs  which  are  lowered  considerably  by  protona¬ 
tion  of  adjacent  amino  groups.  Hence  protonation  of 
the  residue  on  the  receptor  with  a  pKof7.5  results  in  an 
increase  in  methoctramine  binding  which  must  result 
from  a  conformational  change  of  the  receptor. 

Discussion 

Previous  studies  of  the  pH  dependence  of  ligand 
binding  to  muscarinic  receptors'*^  have  focused  on 
the  examination  of  the  effect  of  protonation  of  the 
ligand  on  its  affinity  for  the  receptor.  In  our  studies  we 
have  concentrated  on  protonation  events  at  the  recep¬ 
tor.  These  have  not  previously  been  examined  in  detail 
for  any  G-protein  coupled  receptor. 

On  cardiac  muscarinic  receptors,  there  appear  to  be 
two  residues  of  pK  values  approximately  5.4  and  6.8, 
the  protonation  of  which  decrease  antagonist  binding. 
A  few  antagonists  seem  to  be  specifically  affected  by 
protonation  of  either  one  or  the  other  residue  but  many 
antagonists  give  apparent  pK  values  which  are  in 
between  5  4  and  6.8.  There  are  two  possible  interpreta¬ 
tions  of  these  findings.  Firstly,,  the  positively  charged 
nitrogen  of  the  ligand  may  have  the  choice  of  whether  it 
interacts  with  the  pK  5.4  or  pK  6.8  residue  on  the 
receptor  This  is  formally  equivalent  to  the  ligand 
interacting  initially  with  one  residue  on  the  receptor 
and  the  complex  isomerizing  such  that  the  ligand  now 
interacts  with  the  other  residue.  The  extent  of  isomeriz¬ 
ation  would  depend  on  the  nature  of  the  ligand  and 
give  an  apoarent  pK  which  is  a  weighted  average  of  5.4 
and  6  8.  S  me  suggestive  evidence  for  this  mechanism 
comes  from  the  complex  binding  kinetics  of  antagonists 
and  the  fact  that  pHJpropylbenzilylchoiine  mustard 
labels  two  different  aspartate  re.sidues  in  ml  receptors’. 

An  alternative  explanation  is  that  the  ligand  binds 
only  to  the  pK  5.4  residue  and  this  binding  is 
allosterically  inhibited  by  protonation  of  the  pK  6.8 
residue,  the  extent  of  the  allosteric  effect  depending  on 
the  structure  of  the  ligand.  The  dramatic  effects  on 
antagonist  binding  of  the  mutation  of  a  buried  aspartate 
residue  in  the  putative  third  transmembrane  segment 
of  |5-adrenoccptors-‘’'^'  and  ml  receptors  (C.  Fraser, 
per-'  commun  )  .and  the  miner  effects  of  the  mutation 
of  the  other  conserved  acidic  residues  point  to  the 
importance  of  a  single  acidic  residue  for  the  binding  of 
ant  nists  (or  maybe  the  intrinsic  structure  of  the 
receptor).  Careful  experimentation  may  allow  a  discri¬ 
mination  between  these  two  models. 


pH 


Fig  3  The  pH  dependence  of  the  affinity  constant  for  the 
binding  of  benzhexol  (closed  circles)  and  AF-DX  1 16  (open 
circles)  to  rat  cardiac  muscarinic  receptors  The  apparent  pK 
values  of  the  leceplor  are  indicated  by  the  arrows 

There  is  no  identification  as  yet  of  the  residues 
having  the  pK  values  of  approximately  5.4  and  6.8.  The 
iwo  aspartate  residues  on  the  putative  extracellular  side 
of  the  third  transmembrane  segment  are  clear  candi¬ 
dates  on  the  basis  of  (1)  their  conservation  in  the 
sequences  of  the  different  muscarinic  receptor  sub- 
types  and  in  several  monoamine  G-prctcin  coupled 
receptors,  (2)  the  effects  of  their  mutagenesis  to 
asparagine  residues  and  (3)  the  protein  labelling 
studies  using  [’HJpropylbenzilylcholine  mustard'* In 
this  context,  it  is  relevant  to  note  that  as  early  as  1974 
C.R  Hiley  (PhD  thesis.  University  of  Cambridge,  1974) 
found  that  the  alkylation  of  brain  muscarinic  receptors 
by  (^Hjpropylbenzilylcholine  mustard  was  regulated 
by  a  group  with  an  apparent  pK  of  6.3.  Clearly  the 
aspartate  residues  would  have  to  be  in  somewhat 
unusual  environments  for  their  pKs  to  be  raised  to  such 
high  values.  Experiments  in  progress  with  mutagen- 
ized  receptors  may  help  with  the  identification  of  these 
residues. 

The  nature  of  the  residue  of  even  higher  pK  (~7.5)  's 
also  not  known.  Though  originally  detected  in  studies 
with  methoctramine  on  Mj  receptors,  we  have  subse¬ 
quently  tound  this  residue  to  be  important  in  allosteric¬ 
ally  regulating  agonist  binding  to  M2  receptors  and  the 
binding  of  some  other  antagonists  to  Mj  receptors 
(unpublished  results).  Candidate  residues  include  the 
other  conserved  aspartate  residues  in  the  second  and 
third  transmembrane  segments  and  the  apparently 
important  conserved  tyrosine  residue  in  the  seventh 
transmembrane  segment’.  Clearly  protonation  of  this 
residue  of  the  receptor  at  physiological  pHs  produces  a 
conformational  change  in  the  receptor  which  can  affect 
both  agonist  and  antagonist  binding. 

Finally,,  it  is  of  considerable  interest  that  there 
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ligand  and  its  interaction  with  the  pK  6.8  residue  of  M2 
receptors.  This  indicates  an  element  of  commonality  in 
the  way  that  cardioselective  ligands  bind,  which  is 
different  from  the  way  that  other  ligands  bind  to  these 
receptors.  Our  recent  studies  on  M)  and  M.~.  receptors 
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have  shown  that  ligands  exhibit  a  different  pK  profile  of 
binding  to  these  receptors  from  that  shown  for  M2 
receptors.  It  is  thus  possible  to  demonstrate  differences 
in  the  way  a  given  ligand  binds  to  the  different  receptor 
subtypes. 

This  approach,,  which  should  be  of  general  applica¬ 
tion  to  drug-receptor  interactions,  may  be  useful  in  the 
design  of  new  therapeutic  agents. 
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Diverse  functions  of  muscarinic  acetylcholine 

receptor  subtypes 

James  Lechleiter,  Ernest  Peralta*  and  David  Clapham 

Muscarinic  acetylcholine  receptor  subtypes  ml,  m3  and  m5  couple  strongly  to  phospbatidylinosttol  turnover 
and  hence  to  intracellular  Ca^*  concentration  via  pertussis  toxin  (PTX)  sensitive  and  insensittve  G  proteins. 

The  m2  and  mi  muscarinic  receptor  subtypes  strongly  inhibit  adenylyl  cyclase  production  via  PTX  sensitive 
G  proteins.  Additionally,  the  cardiac  M2  receptor  is  closely  coupled  to  a  K*  current  (Ik  /ici,).  To  characterize 
this  functional  diversity  wore  completely,  toe  measured  the  ACh-induced  Ca^*  responses  of  cells  transfected 
with  the  muscarinic  receptor  subtypes  ml,,  m2,  m3  and  mi.  As  expected,  cells  transfected  with  ml  or  m3 
receptors  exhibited  large  dose-dependent  increases  in  Ca^*  in  response  to  ACh  application.  Unexpectedly, 
cells  transfected  with  m2  or  mi  receptors  also  exhibited  increases  in  Ca^'*'  in  response  to  agonist  application. 

The  m2-  or  mi-coupled  responses  were  smaller  in  amplitude,  required  higher  concentrations  of  agonist  and 
were  much  more  sensitive  to  PTX  treatment  when  compared  to  ml  -  or  m3-couplcd  responses.  We  discuss  this 
remarkable  diversity  of  function  in  terms  of  the  receptor  subtyp’e's  coupling  to  G  p,  oleins. 


Muscarinic  acetylcholine  receptors  (mAChR)  are  part  of 
a  large  fanr.ily  of  receptors  which  transduce  their  cell 
signals  through  GTP-binding  proteins.  G  protein- 
linked  receptors  comprise  a  class  of  proteins  with 
analogous  structure  and  secjuence.  Theoretically,  all 
these  receptors  are  made  up  of  seven  transmembrane 
spanning  segments.  Five  different  mAChRs  have  now 
been  identified  by  molecular  cloning.  Functionally, 
they  may  be  separated  into  two  categories;  ml,  m3  and 
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m5  receptors  which  couple  strongly  to  phosphatidyl- 
inositol  (PI)  hydrolysis,  and  m2  and  m4  receptors  which 
inhibit  adenylyl  cyclase  activity  but  couple  poorl)  to  PI 
turnover.  I'l  turnover  creates  inositol  tnsphosphate 
(IP3)  which  in  turn  leads  to  Ca^*  release  from  intra¬ 
cellular  stores. 

C*niin1ifia  nf  incrcnSCS  in 

intracellular  Ca^^ 

We  have  examined  muscarinic  receptor-induced 
increases  in  single  cells  using  confocal  microscopy 
and  the  Ca^+  dye  FLUO-3  AM  (ivlolecular  Probes).  For 
these  experiments,  human  embryonic  kidney  (HEK) 
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Fig.  1.  ACh-induced  increase  in  intracellular  Ca^*  in  HBK  cells 
transfected  with  Hm2  receptors,  (a)  Fluorescent  image  of 
FLUO-3  AM  loaded  kidney  cells  at  resting  Ca^*  levels.  Bottom 
image:  Time  course  of  a  single  line  scan  of  the  ACh-induced 
change  in  Ca^+  of  the  three  fluorescent  cells  indicated  above 
From  left  to  right,  3072 single  line  scans  were  taken  sequentially 
for  190  seconds.  The  white  vertical  line  in  the  top  image  marks 
the  location  of  the  single  line  that  was  repeatedly  scanned  by  the 
laser.  Note  that  the  line  scan  crosses  three  different  cells  and 
that  the  single  line  image  of  each  cell  is  visible  in  the  bottom 
image  at  one  quarter  the  magnification.  ACh  (10  \m)  was  added 
to  the  bath  at  the  time  indicated  by  the  white  arrow  in  the  bottom 
image  Increasing  fluorescence  intensity  indicates  increasing 
concentrations  of  Ca^*_  Cells  were  loaded  with  the  Ca^* 
indicator  dye  FLUO-3  AM  (5  pm)  in  the  presence  of  Pluronic 
F-127  surfactant  (5  pl/ml)  for  1  hour  at  37C,  95%  0^,  5%  COp, 
using  Dulbecco’s  modified  essential  medium  (DMEM)  Experi¬ 
ments  were  performed  at  room  tempe'ature  in  120  imi  NaCI, 
‘  5  miv  KCI  t  ncM  CaClp,  2  mix  MgClp  and  10 1.  \'  HEPES  at  pH 
7  4.  Cells  were  excitod  at  488  nm  and  fluorescence  detected 
with  standard  FITC  filteis  All  images  are  averages  of  5  frames 
collected  on  the  MRC  Biorad  Confocal  Microscope,  (b)  Fluores¬ 
cence  intensity  along  the  top  cell  indicated  by  the  black  arrow  in 
(a).  The  intensity  profile  for  this  single  cell  parallels  the  Ca^* 
response  observed  for  the  cell  population  shown  in  (c)  (c) 
ACh-mduced  increase  in  intracellular  Ca^*  in  HEK  cells 
transfected  with  m2  receptors  ( 125  000/cell)  as  measured  by 


How  cytometry.  The  average  cellular  fluorescence  ratio  for  each 
second  was  plotted  with  a  How  rate  of  700  cells  per  second  The 
fluorescence  intensity  ratio  oi  the  Ca^"  dye  indicator  INCO-1 
AM  was  used  to  monitor  intracellular  Ca^*  ACh  (I0\im)  was 
added  to  the  cells  at  20  seconds  as  indicated  by  the  black 
arrow  Cells  were  loaded  with  INDO-1  AM  (5  |im^  as  described 
for  FLUO-3  AM  except  that  for  the  first  30  minutes  of  incubation, 
the  pH  was  lowered  to  7.0.  The  Ca^+  dye  solution  was  then 
diluted  1 1  with  DMEM  at  pH  7  4.  Cells  were  excited  at  35 1  nm 
and  fluorescence  detected  at  390  and  500  rm  All  measure¬ 
ments  were  taken  with  a  Becton  Dickinson  Facstar  flow 
cytometer 


cells  were  stably  transfected  with  human  (H)  mus¬ 
carinic  receptors.  As  observed  with  other  Pl-linked 
receptors,,  cells  transfected  with  ml  or  m3  receptors 
produce  a  rapid  agonist-induced  Ca^+  peak  within  15 
seconds  with  calcium  returning  to  near  resting  levels  in 
2-3  minutes.  Surprisingly,  an  ACh-induced 
increase  was  observed  even  in  cells  expressing  m2  or 
m4  receptors  which  couple  poorlj'  to  PI  turnover. 
Figure  1  shows  a  typical  ACh-induced  Ca^*  increase  for 
HEK  cells  transfected  with  m2  receptors.  The  Ca^*" 
response  in  these  cells  was  examined  by  sequentially 
imaging  only  a  single  line  across  the  field  of  view 
thereby  obtaining  higher  time  resolution  (20  ms).  All 
three  cells  in  the  field  of  view  were  exposed  to  10  pM 
ACh  simultaneously.  The  Ca2+  profiles  are  similar  to 
ml-  and  m3-induced  responses  in  that  a  Ca^^  increase 
occurs  rapidly  and  subsequently  decays  to  near  resting 
levels  after  several  minutes.  In  this  experiment,  the 

s»2f  rAcnnncoc  AifforoA  frnm  rojl  roll  ir»  hrvth 

magnitude  and  duration.  The  cell  to  cell  variability  in 
Ca^*  responses  was  present  for  all  mAChR  subtypes 
and  could  represent  a  variability  in  receptor  numbers  or 
in  any  of  the  components  involved  prior  to  Ca^+ 


release.  The  cell  exhibiting  the  smallest  Ca^'^  response 
also  showed  the  broadest  initial  Ca^+  spike  and  the 
largest  time  lag  after  addition  of  ACh.  Conversely,  the 
largest  Ca^*  response  exhibited  a  much  sharper  Ca^^ 
spike  and  a  shorter  lag  time.  The  intensity  profile  of  the 
most  responsive  single  cell  is  shown  in  Fig.  lb.  The 
shortest  time  lag  observed  for  cells  transfected  with 
either  ml,  m2,  m3  or  m4  receptors,  in  response  to  ACh 
application,  was  5-6  seconds.  On  occasion,  the 
increased  Ca^*  concentration  did  not  decline  steadily 
but  began  to  oscillate  with  periods  of  tens  of  seconds. 
The  oscillations  were  present  at  almost  all  concentra¬ 
tions  of  ACh  for  m2  transfected  HEK  cells  but  were 
seen  only  at  submaximal  concentrations  for  ml  and  m3 
transfected  cells. 

An  average  representation  of  the  speed  and  magni¬ 
tude  of  mAChR  Ca^+  responses  can  be  obtained  for  the 
entire  cell  population  using  a  flow  cytometer  and  the 

rafinincr  TMOO-1  AM  /Mnloriilar  PrnhpcN 

With  this  technique  it  is  possible  to  measure  the 
average  Ca^+  response  of  thousands  of  cells  per 
second.  Figure  Ic  shows  the  average  ACh-induced  (10 
pM)  response  of  m2  transfected  HEK  cells.  The  agonist- 
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F;g.  2  Dose-response  curves  for  the  peak  intracellular  Ca^* 
increases  of  inAChR  subtypes  Peak  Ca^-^  ivas  measured  with 
a  flow  cytometer  as  described  in  Fig  1  Open  circles  show  the 
ACh-induced  responses  of  control  celts  Closed  circles  show 
the  ACh-induced  cellular  responses  alter  PTX  treatment  ( 100 
ng/ml)  for  14-20  hours  Each  set  of  data  points  weie  lit  with  a 
nonlinear  regression  program  to  the  formula 

(peak  Ca2+  response]  =  {[AChjxBmaxMECSO  +  (AChj) 

where  Bmax  is  taken  as  the  maximum  Ca^*  response  at 
saturating  agonist  concentrations  and  EC50  is  the  agonist 
concentration  at  50%  response  All  Ca^*  measurements  were 
made  at  room  temperature  and  in  physiological  saline  as 
described  in  Fig  1  (approximately  100000  receptors/cell) 


induced  Ca2+  increase  of  the  entire  cell  population  is 
similar  to  the  single  cell  profile  presented  in  Fig.  lb.  The 
profiles  collected  in  this  manner,  however,  never 
clearly  exhibited  the  oscillations  observed  in  single  cell 
imaging,  perhaps  due  to  the  difficulty  in  synchronizing 
the  Ca^*  responses  of  an  entire  cell  population.  The 
basic  m2  Ca^-i  profile  obser\'ed  in  flow  cytometry 
measuiements  consisted  of  a  primary  Ca-'*^  spike 
followed  by  a  secondary,  smaller  and  slower 
increase  which  usually  returned  to  resting  levels  within 
3  minutes  of  agonist  application.  A  plateau  phase  was 
rarely  observed.  This  profile  remained  virtually  un¬ 
changed  even  at  higher  concentrations  of  ACh.  On  the 
other  hand,  in  cells  transfected  with  ml  or  m3  recep¬ 
tors,  Ca2+  continually  declined  over  the  first  2-3 
minutes  and  reached  a  plateau  phase  after  several 
minutes.  Only  at  submaximal  concentrations  of  agonist 
was  it  possible  to  separate  the  Ca^+  profile  into  two 
spikes  fo'  ml  and  m3  receptor  responses.  Apparently, 
at  higher  concentrations  of  ACh  in  ml  or  m3  trans¬ 
fected  cells,  the  secondary  Ca-*'  increase  or  Ca^* 
'shoulder'  becomes  so  prominent  that  any  distinction 
between  the  two  Ca^+  increases  becomes  obscured. 
Consequently,  the  initial  decay  in  Ca^-*  for  ml  or  m3 
responses  appears  much  slower.  These  differences  in 
ACh-induced  Ca^^  profiles  could  not  be  attributed  to 
differences  in  the  expression  of  receptor  numbers  (see 
Fig.  3  legend).  Additionally,  we  observed  that  the 
plateau  phase  in  ml  or  m3  transfected  cells  appeared  to 
be  exclusively  dependent  on  extracellular  Ca-’*'.  Expos¬ 


ing  the  cells  to  zero  extracellular  Ca^’*'  (nominal  Ca^*- 
and  10  mM  EGTA)  for  less  than  30  seconds  prior  to 
agonist  application  resulted  in  a  reduced  peak  Ca^"*  and 
a  more  rapid  decline  to  resting  Ca^*-  concentrations  for 
all  muscarinic  receptor  subtypes. 

We  obtained  ACh  dose-response  curves  for  peak 
Ca^’*’  responses  for  each  of  the  muscarinic  subtypes 
(Fig.  2).  For  these  data,  each  mAChR  subtype  was 
transfected  into  Chinese  hamster  ovary  (CHO)  cells.  As 
reported  by  Peralta  et  alA  for  PI  turnover,  we  found  that 
ml  and  m3  receptors  exhibited  the  greatest  sensitivity 
to  ACh  with  comparable  ECSOs  for  peak  [Ca^+j  of 
170-240  nM  while  m2  and  m4  receptors  had  ECSOs  for 
peak  Ca^*^  of  1  |im  and  14  (im  respectively  (see  also  Ref. 
2).  The  Prx  (100  ng/ml)  sensitivity  of  the  receptor 
subtype  responses  provides  an  additional  means  by 
which  to  compare  mAChR  receptor  subtypes.  The  ml 
and  m3  receptor  responses  were  the  least  sensitive  to 
PTX  treatment  with  their  peak  Ca^*  levels  never 
reduced  below  ,‘’5%  of  control.  The  m2  and  m4  receptor 
responses,  on  the  other  hand,  were  much  more 
sensitive  to  PTX  treatment;  the  Ca^*-  response  was 
completely  abolished  for  CHO  cells  transfected  with 
m2  receptors  (Fig.  2).  These  data  are  comparable  to 
those  reported  by  Ashkenazi  el  nl.^  for  the  PTX 
sensitivity  of  PI  turnover.  However,  intracellular  regu¬ 
latory  pathways  are  complex  and  it  may  be  that  PI 
turnover  is  not  the  only  second  messenger  system 
capable  of  stimulating  increases  in  intraceflular  Ca^* 
(Fig.  3). 

Coupling  of  muscarinic  receptor  to  a  cardiac  K+ 
current. 

The  G  protein  link  between  the  cardiac  receptor 
and  the  atrial  muscarinic  receptor  gated  K+  channel, 
Ik  ACh/  is  controversial.  By  diiect  application  of  GTP  to 
the  intracellular  surface  of  inside-out  patches  of  atrial 
membrane,  Kurachi  et  al^  demonstrated  the  GTP 
dependence  of  this  channel.  Direct  application  of 
individual  purified  G  protein  subunits  (for  review  see 
Ref.  5)  yielded  contradictory  results.  Our  lab*  found 
that  Py  (0.2-1  nM)  activated  the  K+  channel  while 
Godina  el  al7  found  that  ojo  (called  Kk  and  a, 3;  1  pM) 
activated  the  channel.  Later,,  we  also  found  that  both 
040  (an  a,)  and  «„  (10  pM)  could  activate  the  Ik  acii 
channel  but  with  a  much  low'er  success  rate  (30-50%  of 
intact  patches)  than  Py  activation  of  Ik  acii  (>90%  of 
patches;  KeL  8).  Since  Py  was  effective  only  at  20-100- 
fold  higher  concentrations  than  a  subunits  (>200  pM  py 
vs  >10  pM  a  in  our  hands),  some  have  argued  that  a  is 


TABLE  I.  pY  activation  controls 

1  Py  solubilized  in  Luorol  or  CHAPS  activates  l^  acs 

2  Lubrol  or  CHAPS  detergent  alone  do  not  activate  Ik  acs 

3  wOs'uCl  |5|  uu«S  i’lOt  aCuvattt  trs 

4  Preincubation  of  py  with  a-GDP  prevents  py-dependent 
activation  of  U  Acn 

See  Refs  12, 14  and  15 
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Fig  3  Model  depicting  receptor-couplea  G  prueins  and  their  subsequent  second  messenger  cascades  The  left  receptor  coup'es 
to  Gpi  which  activates  phospholipase  C  (PLC)  FlC  catalyses  the  splitting  of  PtPp  into  diacytglycerol  (DAG)  and  inositol 
trisphosphate  (IPj)  DAG  activates  protein  kinase  C  (PKC)  in  a  phosphatidylsenne  ( PS)  and  Ca^* -dependent  manner  PKC  can  then 
phcsphorylate  a  target  protein,  such  as  an  ion  channel  IP^  stimulates  the  endoplasmic  reticulum  to  release  Ca^-r  The  enzyme 
phospnolipase  A,^  (PLA^)  is  also  shown  linked  to  a  G  protein-coupled  receptor  (right)  This  cascade  produces  arachidonic  acid 
(also  produced  by  diacylglycerol  lipase  (DGL)  from  DAG)  and  is  metabolized  to  other  messengers  as  shown  (from  Ref  18). 


the  physiological  activator  of  the  channel.  This  argu¬ 
ment  is  misleading  since  it  assumes  equal  solubility  of 
subunits  and  access  to  the  activation  site  on  the 
channel. 

Py  Activation  of  In, ACh 

Can  the  Py  activation  of  Ik  aciv  described  by  our 
laboratory*  and  Kurachi's'-’,  be  attributed  to  factors 
other  than  the  presence  of  Py?  In  brief,  it  seems  unlikely 
(Table  I).  Our  preparations  of  py  contained  less  than 
0.01%  a-subunits  (0.1  pM  a  in  1  nM  Py  subunits),  so  py 
activation  could  not  be  attributed  to  a  contamination 
Early  controls  by  our  laboratory'  demonstrated  that 
boiled  Py  and  buffer  (including  CHAPS,  the  detergent 
used  to  suspend  the  hydrophobic  Py)  failed  to  activate 


the  channel.  In  contrast,  Kirsch  ct  al.'^  reported  that 
CHAPS  alone  activated  Ik  ach-  This  report  was  puzz¬ 
ling  since  experiments  by  both  Kurachi's  (n>35)  and 
our  (n>50)  laboratory  have  not  shown  CHAPS-depen- 
dent  activation  (Fig.  4).  One  preparation  of  transducin 
Py,  a  similar  protein,  also  failed  to  acdvate  the  channel 
even  when  suspended  in  CHAPS**  (Fig.  4).  Further¬ 
more,  preinaibation  with  a  twofold  excess  of  agj-GDP 
or  a  fourfold  excess  of  «39-GDP  prevented  py-depen- 
dent  activation,  presumably  by  binding  free  Py .  Finally, 
addition  of  a^i-GDP  to  patches  preactivated  by  Py 
turned  off  Ik  ,\ch,  consistent  with  our  «  preincubation 
experiments.  We  were  therefore  left  with  the  conclu¬ 
sion  that  the  application  of  Py,  independent  of  a 
subunits,  is  fully  capable  of  activating  Ik  ack 


lOnM  /3y 

200 /iM  CHAPS  2l;iM  CHAPS  WASH 

I  I  I 


I  min 


Fig  4  Detergent  (CHAPS)  does  not  activate  alone  An  mside-out  patch  from  neonatal  rat  atria  was  exposed  to  various 
concentrations  of  CHAPS  with  no  increase  in  activity  Application  o/py  ( 10  rw)  with  21  pxi  CHAPS  rapidly  activated  the  channel 
(from  Ref,  8) 
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Since  application  of  aCTPyS  followed  by  Py  (and  vice 
versa)  did  not  increase  channel  activity  further,  we 
concluded  that  both  oc  and  Py  activated  the  same 
population  of  channels.  Why  would  the  cell  use  two 
messengers  to  modulate  one  population  of  channels? 
An  explanation  for  the  puzzle  was  provided  by  Kurachi 
and  co-workers  who  showed  that  Ik  ach  was  activated 
by  arachidonic  acid".  Since  Jelsema  and  Axelrod'^  had 
previously  shown  that  transducin  Py  activated  phos¬ 
pholipase  Aj  (PLA2)  in  retinal  rods,  it  was  logical  to  test 
the  hypothesis  that  Py,  acting  through  PLA2  stimula¬ 
tion,  generated  arachidonic  acid  and  its  metabolites 
ivhich  in  turn  activated  the  channel.  Bar-3agi  el  al.'^ 
had  found  an  antibody  that  blocked  the  generation  of 
lysophospholipids  in  fibroblasts  by  inhibiting  the  func¬ 
tion  of  porcine  pancreatic  PLA2.  The  blockade  of  Py  (2 
nM)  activation  by  the  anti-PLA2  antibody  provided  the 
strongest  evidence  for  py  activation  of  Ik.ach  via  PLA2. 
Products  of  the  5-lipoxygenase  pathway  are  most  likely 
involved  in  activation  of  the  channel''*.  The  fact  that 
nordihydroguaiaretic  acid  and  antibody  to  PLA2  did 
not  block  muscarinic-induced  GTP-dependent  activa¬ 
tion'-'  suggests  that  a  can  mediate  muscarinic-depen- 
dent  activity.  Whether  Py  also  contributes  to  muscarinic 
activation  or  whether  the  py  pathway  is  used  by  other 
receptors  is  an  open  question.  More  decisive  evidence 
for  an  activator  role  for  Py  has  been  demonstrated  in 
yeast'5.  Two  more  general  questions  are  raised  by  this 
work.  First,  do  G  proteins  produce  two  second  mes¬ 
sengers,  one  (Py)  which  migrates  in  the  membrane  to 
reach  very  hydrophobic  regions  of  effectors  and  a 
second  (a)  which  interfaces  the  membrane  to  more 
loosely  bound  or  cytoskeletal  components  of  trans- 
membrane  proteins?  Second,  does  py  serve  as  the 
activator  for  PLA2  in  ali  the  systems  in  which  G  proteins 
are  thought  to  interact  with  PLA2  (e.g.  chemotaxis  in 
neutrophils,  mitogenesis  in  N1H3T3  fibroblasts,  exo- 
cytosis  in  mast  cells;  reviewed  by  Bourne"'  and 
Burch  ■'')?  Testing  these  hypotheses  will  require  more 
specific  methods  than  simple  reconstitu'ion. 

Summary 

Of  the  muscannic  receptors,  ml  and  m3  clearly  are 
linked  to  PI  turnover,  apparently  via  both  PTX-sensi- 
tive  and  PTX-insensitive  G  proteins.  The  m2  receptor 
activates  Ik  ACh  ''i  cardiac  atrial  and  some  neuronal  cells 
and  inhibits  adenylyl  cyclase  via  PTX-sensitive  G 
proteins  in  many  cells,  m2  and  m4  weakly  stimulate  PI 
turnover  via  FTX-sensitive  pathways,  but  only  at 


agonist  concentrations  tenfold  higher  than  those 
needed  to  stimulate  PI  by  ml  and  m3  receptors.  Thus, 
although  there  are  general  rules  for  muscarinic  effector 
coupling,  interesting  questions  remain  for  future 
research.  Does  the  weak  activation  of  PI  turnover  by  m2 
or  m4  receptors  mean  a  loss  of  specific  interaction  at  the 
level  of  the  G  protein/effector  or  at  the  receptor-G 
protein  interface?  Can  receptors  release  two  activator 
messengers,  a  and  Py,  and  if  so,  :s  py  generally  linked 
to  activation  of  phospholipase  A2? 
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G  protein-dependent  regulation  of 
phospholipase  C 


C.  Peter  Downes 

A  wide  variety  of  receptors  for  Iwrmoiies,  nemotransmitters  uiid  giowth  factors  cotitrol  cell  functwu  via  the 
GTP-dqieiident  activation  of  phosphoinositide  specific  phospholipase  C  (PIC).  At  least  two  distinct  CTP 
dependent  proteins  (G  pioteins)  have  been  implicated  in  coupling  different  receptor  populations  to  the 
activation  of  PIC  and  five  imniunologically  distinct  isozymes  of  PIC  have  been  purified  to  homogeneity, 
prompting  speculation  about  the  potential  for  multiple  modes  of  organization  of  the  participants  in  this  signal 
transduction  pathway.  The  mechanism  of  hormone  and  G  protein-dependent  regiilaticn  of  PIC  has  been 
studied  in  detail  using  PHIinositol  labelled  turkey  erythiocyte  membranes  and  these  experiments  have 
provided  strong  support  for  the  involvement  of  a  heterotrimeric  G  protein.  Further  progress  requires  the 
development  of  reconstitution  assays  in  which  the  regulation  of  isolated  PICs  by  defined  C  proteins  can  be 
denionstraled. 


Tlie  hydrolysis  of  phosphatidylinositol  4,5-bisphos- 
phate  (PIP2)  following  receptor-dependent  activation 
of  phosphoinositide-specific  pliospholipase  C  (PIC) 
simultaneously  generates  two  powerful  intracellular 
signal  molecules:  inositol  1,4,5-trisphosphate  (IP3), 
which  stimulates  Ca^  release  from  intracellular  stores; 
and  diacylglycerol,  which  activates  protein  kinase  C 
(Ref.  1).  Activation  of  PIC  by  hormones,  neurotrans¬ 
mitters  and  growth  factors  is,  in  many  ways,  analogous 
to  the  hormonal  regulation  of  adenylyl  cyclase,  but  the 
molecular  and  mechanistic  details  of  the  former  are 
incompletely  understood  and  there  is  evidence  of 
heterogeneity  amongst  each  of  the  components  of  the 
signal  transduction  pathway.  For  example,  many 
receptors  (including  some  of  those  recognized  by 
muscarinic  agonists)  are  coupled  to  PIC  by  G  proteins. 
Based  on  their  differential  sensitivity  to  inhibition  by 
the  islet-activating  protein  of  Bordatella  pertussis  (pertus¬ 
sis  toxin)  at  least  two  distinct  G  proteins  (GpS)  have 
been  implicated  in  the  activation  of  PIC  by  agonists- 
Protein  tyrosine  kinase  receptors  for  mitogens,  such  as 
epidermal  and  platelet  derived  growth  factors,  are 
structurally  distinct  from  the  G  protein-linked  recep¬ 
tors  whose  sequences  have  been  deduced,  yet,  when 
activated  they  stimulate  PIC  in  some  cells,  but  appar¬ 
ently  not  in  others’*"*.  Recent  evidence  suggests  that 
one  form  of  PIC  may  be  an  important  substrate  for  the 
tyrosine  kinase  activity  of  the  EGF  receptor  implicating 
this  covalent  modification,  rather  than  a  G  protein,  in 
the  activation  of  PIC  that  is  observed  in  intact  cells  in 
response  to  the  growth  factor".  Lastly,  it  is  now 
apparent  that  mammalian  tissues  contain  at  least  5 
immunologically  distinct  forms  of  PIC7.  Whether  any  of 
these  isozymes  can  be  regulated  by  G  protein-coupled 
receptors  has  not  yet  been  established. 

How  then  are  the  complex,  heterogeneous  com¬ 
ponents  of  the  signal  transduction  pathway  leading  to 
PIP2  hydrolysis  organized  within  individual  cell  types? 

In  this  article  1  will  discuss  two  organizational  models 
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receptors.  As  discussed  below,  a  number  of  ambi¬ 
guities  arise  in  the  interpretation  of  experiments  utiliz¬ 
ing  intact  cells.  There  is  an  urgent  requirement  for 
reliable,  broken  cell  assajs  of  receptor-dependent 
activation  of  PIC  in  which  the  mechanism,  specificity 
and  stoichiometry  of  the  interactions  between  indivi¬ 
dual,  identified  components  can  be  elucidated.  Pro¬ 
gress  made  towards  this  end,  using  turkey  erythrocyte 
membranes,  will  also  be  described. 

Organization  of  signal  transduction  elements 
Convergent  coupling  mechanisms 

The  parotid  salivary  glands  of  the  rat  are  served  by 
three  receptor  populations  which  regulate  K+  efflux 
and  water  secretion  via  the  activation  of  PIC  and 
generation  of  an  intracellular  Ca^^  signal.  Inositol 
phospholipid  turnover  responses  stimulated  by  maxi¬ 
mally  effective  concentrations  of  fti-adrenergic  and 
muscarinic  cholinergic  agonists  or  substance  P  are  not 
additive,  which  suggests  that  each  receptor  is  coupled 
to  a  common  set  of  signal  transduction  elements,  and 
the  involvement  of  a  pertussis  toxin-insensitive  G 
protein  has  been  implicated  by  studies  demonstrating 
guanine  nucleotide  dependency  of  agonist  responses 
in  permeabilized  cell  preparations®. 

This  system  appears,  therefore,  to  be  characterized 
by  the  convergence  of  three  receptor  populations  upon 
a  single  G  protein  and,  presumably,  a  single  speaes  of 
PIC  (see  Fig.  1).  But  why  are  there  three  receptors  that 
produce  identical  cellular  responses?  The  truth  is  that 
the  response.s  to  each  receptor  are  neither  quanti¬ 
tatively  nor  qualitatively  identical. 

Parotid  glands  also  have  (i-adrenergic  receptors 
which  activate  adenylyl  <.yclase  and  cause  an  amylase- 
rich  secretion,  so  naturally  occuiing  adrenergic  ago¬ 
nists  (adrenaline/noradrenaline),  depending  on  their 
concentration,  will  activate  overlapping  receptor  popu¬ 
lations  thus  affecting  the  composition  of  the  saliva.  By 
contrast  acetylcholine  and  substance  P  appear  to  act 
on!)  iiuough  TIC  coupied  receptors  in  parotid  giand. 
The  muscarinic  receptors  do  not  desensitize  appreci¬ 
ably  even  during  prolonged  stimulation  with  maxi¬ 
mally  effective  agonist  doses,  and  substantially  elev¬ 
ated  levelsof  intracellular  Ca^*  are  maintained  for  up  to 
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Fig  t .  Molecular  diversity  amongst  receptors.  G  proteins  and 
PIC  species  could  support  multiple  modes  01  recepior- 
elteclor  coupling.  Receptor  (R)  dependent  regulation  of  PIC 
activity  in  rat  parotid  glands  is  characterized  by  the  con¬ 
vergence  of  muscarinic  cholinergic  (Mi/Ms),  at  adrenergic 
and  substance  P  receptors  upon  a  pertussis  to  -m-insensitive 
G  protein  and,  presumably,  a  single  molecular  species  of  PIC 
By  contrast  CHO  cells  possess  endogenous  receptors  for 
thrombin  and  CCK  which  regulate  PIC  via  parallel  pathways 
involving  distinct  pertussis  toxin-sensitive  (Gpz)  and  insensi¬ 
tive  (Gpi)  G  proteins  When  they  are  expressed  in  these  cells, 
m2  receptors  activate  PIC  via  Gp2  whilst  m  1  and  m3  'eceptors 
are  capable  of  divergent  coupling  through  both  Gpi  and  Gp^. 
generating  pertussis  toxin-sensitive  and  insensitive  com¬ 
ponents  of  the  response  to  muscarinic  agonists"  Whether 
these  two  G  proteins  regulate  the  same  or  dilterent  molecular 
species  of  PIC  is  not  known  at  present 


30  minutes  in  a  Ca^*'  containing  medium.  By  contrast 
substance  P  receptors  desensitize  dramatically  within 
about  1  minute  of  being  exposed  to  the  peptide’.  The 
response  to  substance  P,  therefore,,  is  characterized  by 
rapid  initial  formation  of  IPj  and  a  Ca^^  signal  v/hich 
exceeds  that  evoked  by  muscarinic  agonists  such  as 
carbachol.  The  maintained  response  to  carbachol, 
however,  greatly  exceeds  that  in  response  to  prolonged 
exposure  to  the  peptide.  Thus,  despite  their  convergent 
nature,  these  three  receptor  populations  provide  the 
salivary  glands  with  surpnsingly  diverse  patterns  of 
responsiveness. 

Pnrnlhlldwprgeiit  couvlinQ  mechanisms 
Receptor-dependent  hydrolysis  of  inositol  phospho¬ 
lipids  in  some  cells,  notably  those  of  haematopoietic 
origin  such  as  neutrophils,  macrophages  and  the 
promyelocytic  leukemia  cell  line,  HL60,  can  be  blocked 
by  prior  treatment  of  the  cells  with  pertussis  toxin*.  In 


many  other  cells  the  response  is  not  blocked  by  the 
toxin  at  concentrations  well  in  excess  of  those  required 
for  ADP-nbosylalion  of  endogenous  pertussis  toxin 
substrates'®.  These  observations  suggest  that  at  least 
two  forms  of  G,,  exist,  but  that  these  parallel  pathways 
for  the  activation  of  PIC  are  primarily  segregated 
between  different  cells  and  tissues. 

More  recently  pertussis  toxin-sensitive  and  -insensi¬ 
tive  forms  of  Gp  have  been  shown  to  occur  in  a 
homogeneous  cell  line".  Chinese  hamster  ovary 
(CHO)  cells  possess  receptors  for  thrombin  and  CCK, 
both  of  which  stimulate  inositol  phospholipid  hydroly¬ 
sis.  Pertussis  toxin  treatment  completely  blocked 
responses  to  thrombin,  but  had  no  effect  on  the 
response  to  CCK.  These  cells,  which  lack  endogenous 
muscarinic  receptors,  were  se'seted  by  Ashkenazi  et 
rt/."  to  examine  the  signal  transduction  pathways 
employed  by  individual  muscarinic  receptor  subtypes 
following  the  stable  expiession  of  cDNAs  encoding  ml , 
m2  or  m3  receptors*^.  In  the  transfected  cell  lines  m2 
receptors  are  efficiently  coupled  to  inhibition  of 
adenylyl  cyclase,  but  apparently  more  weakly  coupled 
to  PIC  via  a  pertussis  toxin-sensitive  form  of  Gp.  By 
contrast,  activation  of  ml  arid  m3  receptors  evokes 
substantial  hydrolysis  of  inositol  phospholipids  pri¬ 
marily  via  a  toxin-insensitive  Gp.  but  at  least  partially 
via  the  toxin-sensitive  G  protein.  The  latter,  toxin- 
sensitive  response,  was  prominent  only  in  cells 
expressing  high  levels  of  muscarinic  receptors. 

The  above  studies  establish  the  principle  of  parallel 
signalling  in  a  single  cell  type  and  also  demonstrate  'hat 
individual  receptors  may  simultaneously  activate  dis¬ 
tinct  forms  of  Gp,  or  G  proteins  regulating  acieoylyl 
cyclase  and  PIC,  respectively  (termed  divergent  signal¬ 
ling  in  Fig.  1).  Perhaps  a  more  accurate  interpretation  of 
these  data  is  that  the  specificity  o(  a  leceptor  for  distinct 
G  proteins  in  a  particular  cell  is  a  quantitative,  rather 
than  a  qualitative  property  of  that  recep'or.  For 
companson  it  is  worth  noting  that  endogenous  m4 
receptors  (which  arc  structurally  closely  related  to  m2 
receptors)  are  coupled  exclusively  to  adenylyl  cyclase 
inhibition  in  NG108-15  cells  whilst  endogenous  m3 
receptors  in  1321N1  cells  are  exclusively  coupled  to 
activation  of  PIC  via  a  pertussis  toxin-insensitive  G 
protein'®  '*  It  is,  therefore,  not  clear  whether  divergent 
coupling  mechanisms  occur  commonly  or  whether 
they  reflect  unusua’.  stoichiometries  of  signal  trans¬ 
duction  elements  that  may  occur  in  transfected  cells'*. 

The  molecular  and  mechanistic  basis  of  PIC  regulation 

The  analysis  of  receptor  coupling  pathways  in  CHO 
cells  described  above  relies  upon  quantitative  assess¬ 
ment  of  the  PIC  activity  in  intact  cells.  This  is  not  readily 
achieved  because  of  problems  such  as  incomplete 
inhibition  of  inositol  phosphate  dephosphorylation  by 
lithium  and  variable  rates  of  receptor  desensitization. 
Moreover,  the  intact  cell  studies  leave  open  the 
question  of  whether  distinct  G  proteins  couple  to  the 
same  or  different  species  of  PIC.  Clearly,  a  more 
complete  understanding  ol  the  molecuiar  basis  of  PiC 
regulation  requires  the  use  of  broken  cell  assay  pro¬ 
cedures  and  the  definitive  identification  of  the  G 
protein  and  PIC  species  which  participate  in  the 
agonist-dependent  hydrolysis  of  PIP2. 
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G  protein-dependent  regulation  of  PIC 

Definitive  evidence  that  a  G  protein  partiapates  in 
agonist  stimulated  PIP2  hydrolysis  was  provided  by 
Cockroft  and  Gomperts*'*  and  by  Litosch  el  who 
found  that  guanine  nucleotide  analogues  speafically 
stimulated  the  breakdown  of  endogenous  phosphoino- 
sitides  in  membranes  of  human  neutrophils  and 
blowfly  salivary  glands,  respectively.  Similar  observa¬ 
tions  have  since  been  made  in  a  large  number  of 
membrane  preparations  and  include  the  important 
conclusion  that  agonist  responses  in  these  broken  cell 
systems  are  largely,  although  not  always  entirely,, 
guanine  nucleotide  dependent  (see  e.g.  Ref.  16  for  a 
study  involving  muscarinic  receptors). 

It  has  generally  been  assumed  that  C^s  are  structu 
rally  and  functionally  analogous  to  the  G  proteins  (hat 
regulate  adenylyl  cyclase  (Gj  and  G,)  and  cGMP 
phosphodiesterase  (transducin).  These  proteins,  which 
have  been  purified  to  homogeneity  and  characterized 
in  functional  reconstitution  .assays,  are  heterotrimers. 
Their  a  subunits  possess  a  guanine  nucleotide  binding 
site,  a  high  affinity  GTPase  and  are  the  substrates  for 
ADP-ribosylation  by  bacterial  toxins.  They  bind  GDP  in 
the  resting  state  and  the  agonist-receptor  complex 
functions  by  promoting  the  exchange  of  GDP  for  GTP 
and  the  dissociation  of  Ogti'  from  the  py  complex.  In  the 
majority  of  definitive  studies  cvoti*  has  been  shown  to 
be  the  active  G  protein  species  responsible  for  effector 
regulation.  Its  inactivation  is  achieved  by  the  intrin.sic 
GTPase,  which  converts  bound  GTP  to  GDP,  followed 
by  reassociation  with  the  py  complex'^. 

In  most  of  the  reported  studies  agonist-stimulated 
inositol  phospholipid  hydrolysis  in  membrane  prepara¬ 
tions  is  very  much  reduced  by  comparison  with  the 
responses  of  intact  cells.  By  contrast,  turkey  eryth¬ 
rocyte  membranes  prepared  from  [SHlinositol-labelled 
cells  respond  to  guanine  nucleotides  with  prolonged 
accumulation  of  inositol  phosphates'*.  The  cells  are 
endowed  with  P2V  purinoceptors  which  lemain  ef¬ 
ficiently  coupled  to  PIC  in  the  membrane  preparation 
and  membrane  responses  to  the  specific  P^j.  agonist 
2-thiomethyl  ATP  are  absolutely  dependent  on  the 
presence  of  guanine  nucleotides"'’^'’.  These  mem¬ 
branes  have,  therefore,  been  used  to  carry  out  a 
detailed  analysis  of  the  mechanism  of  P2j  and  C 
protein-dependent  activation  of  PIC. 

The  activation  of  turkey  erythrocyte  PIC  by  non- 
hydroiysable  analogues  of  GTP,  such  as  GTPyS,  fol¬ 
lows  first  Older  kinetics  and  the  rate  of  activation  is 
dramatically  accelerated  by  purinergic  agonists'^'’.  This 
suggests  that  agonist-occupied  P2}.  receptors  function 
by  accelerating  a  guanine  nucleotide  exchange  reac¬ 
tion,  presumably  on  Gp.  Further  analogy  with  known  G 
proteins  is  suggested  by  the  observations  that  non- 
hydrolysable  GTP  analogues  consistently  generate  a 
higher  level  of  PIC  activity  than  does  GTP  itself  and  that 
the  effects  of  GTP  analogues  are  reversed  by  GDP  or 
GDPpS.  Inactivation  of  turkey  erythrocyte  PIC  by  the 
addition  of  excess  GDPpS  to  membranes  that  had  been 
pre.-irtiv.-ited  different  GTP  anaJoguta  i.;veali,d 
that  inactivation  was  very  rapid  when  GTP  itself  was 
used  to  activate,  but  was  extremely  slow  for  non- 
hydrolysable  analogues,  particularly  so  for  GTPyS. 
Taken  together  these  results  suggest  that  an  intrinsic 


GTPase  participates  in  the  inactivation  of  G,,. 

The  py  subunits  of  the  known  G  proteins  are  virtually 
identical  to  one  another  and  their  functions  have  been 
the  subject  of  much  recent  debate.  However,  the 
heterotrimenc  structure  appears  to  be  essential  for 
optimal  association  of  G  proteins  with  activated  recep¬ 
tors  and  subunit  reassociation  apparently  is  involved  m 
G  protein  inactivation"'.  The  latter  is  indicated  by 
experiments  showing  that  reconstitution  of  purified  py 
subunits  with  membrane  preparations  causes  inhi¬ 
bition  of  hormone  and/or  guanine  nucleotide  stim¬ 
ulated  adenylyl  cyclase.  Similarly,  Py  subunits  injected 
into  Xenopus  oocytes  have  recently  been  reported  to 
inhibit  a  muscarinic  receptor-stimulated  chloride  cur- 
rent^',  a  respon.5e  attributable  to  the  activation  of  PIC 
leading  to  IP-j-stimulated  Ca2+  release.  Reconstitution 
of  py  subunits,  purified  from  a  variety  of  sources,  with 
turkey  erythrocyte  membranes,  at  concentrations  that 
substantially  inhibited  adenylyl  cyclase  also  inhibited 
fluoroaluminate  stimulated  PIC^^,  By  contrast,  the 
same  concentrations  of  py  subunits  markedly  poten¬ 
tiated  the  activation  of  PIC  by  GTP  in  the  presence  of  a 
purinergic  agonist.  These  results  demonstrate  that  G,, 
in  these  membranes  is  capable  of  interacting  with  the 
py  subunits  of  conventional  G  proteins. 

Fluoroaluminate  is  thought  to  act  independently  of 
receptors  by  imitating  the  GTP-ligandcd  state  of  the  G 
protein  We  have  proposed  that  Py  subunits  inhibit  PIC 
by  combining  with  fluoroalummate-achvated  Op. 
Although  there  are  other  possible  interpretations  of 
these  results,  potentiation  of  hormone-stimulated 
PIC  could  occur  if  much  of  the  Gp  in  turkey  erythrocyte 
membranes  exists  as  free  a  subunits.  Combination  of 


Figure  2  The  activation/inactivalion  cycle  ol turkey  erythrocyte 
Gp  It  IS  proposed  that  turkey  erythrocyte  Gp  is  a  conventional, 
heterotrimenc  G  protein  much  of  which  may  exist  as  GDP- 
liganded  free  a  subunits  in  the  resting  state.  Combination  of 
Ocup  with  endogenous  or  reconstituted  py  subunits  generates 
the  heterotrimenc  form  which  is  necessary  lor  hormonal 
activation  AannisI  nc.runiPri  P„  rprenlnrs  MRI  arroloraio 
exchange  of  GDP  for  GTP.  and  dissociation  ol  the  GTP- 
liganded  heterotrimer  leads  to  the  formation  ol  oigtp,  the 
presumed  active  G  protein  species  responsible  for  activation 
of  PIC  Hydrolysis  of  bound  GTP  by  an  endogenous  GTPase 
completes  the  cycle  by  reforming  rxoop 


42 


TiPS  -  Deceiiihcr  1989  sufiph'mciit 


these  with  the  reconstituted  Py  subunits  would 
increase  the  effective  concentration  of  heterotrimeric  G 
protein  wliich  we  propose  is  necessary  for  effective 
interaction  with  activated  P2y  receptors^.  A  model  of 
the  regulation  of  turkey  erythrocyte  PIC,  based  on  the 
above  findings,  is  illustrated  in  Fig.  2. 

Identification  ofGpS  and  G  protein-regulated  PIC 

The  experimental  results  described  above  provide 
valuable,  but  still  circumstantial  evidence  for  the 
involvement  of  a  conventional,  heterotrimenc  G 
protein  in  the  regulation  of  PIC  activity.  Confirmation 
that  this  conclusion  is  correct  requires  the  isolation  of 
the  relevant  G  proteins  and,  crucially,  direct  demon¬ 
stration  ot  then  activity  and  specificity  by  reconstitu¬ 
tion  with  either  isolated  PICs  or  with  PIC-bearing 
membranes.  By  this  criterion  the  identities  of  G 
proteins  involved  in  receptor-mediated  activation  of 
PIC  are  still  unknown.  Further  indirect  evidence 
suggests  that  one  form  of  G,  (termed  G,2)  may  be  the 
pertussis  toxin-sensitive  G  protein  responsible  for 
coupling  chemotactic  factor  receptors  to  PIC  in  human 
neutrophils^,  but  since,  as  in  many  cells,  receptor- 
mediated  inositol  phospholipid  hydrolysis  is  insensi¬ 
tive  to  both  pertussis  toxin  and  cholera  toxin,  the 
putative  G  protein  involved  is  almost  certain  to  be 
novel. 

Isolated  membranes  which  contain  prelabelled 
phosphoinositide  substrates  and  endogenous  PIC 
activity  appear,  at  the  present  time,  to  provide  the  only 
generally  reliable  assay  systems  reflecting  the  involve¬ 
ment  of  a  G  protein  in  receptor-mediated  inositol 
phospholipid  hydrolysis.  In  order  to  purify  PICs  it  has 
been  necessary  to  use  exogenous  substrates  which  can 
be  presented  as  unilammelar  vesicles  containing  pure 
phospholipid  substrates,  as  mixtures  of  phospholipids 
designed  to  optimize  activity  or  in  the  presence  of  ionic 
detergents  such  as  cholate.  Such  procedures  are  ideal 
for  determination  of  the  catalytic  activity  of  PICs,  and 
have  enabled  the  purification  to  homogeneity  of  5 
immunologically  distinct  PIC  isozymes".  However,, 
such  assays  may  be  unsuitable  for  studying  the 
regulation  of  PICs  by  G  proteins  because  they  allow 
expression  of  very  high  levels  of  enzyme  activity.  For 
example,  Rhee  has  pointed  out  that  the  total  PIC 
capacity  of  brain,  when  assayed  using  pure  PIP2  as 
substrate,  is  sufficient  to  hydrolyse  all  of  the  brain's 
PIP2  in  2-20  seconds.  However,  it  seems  premature,  on 
this  basis,  to  argue  for  the  existence  of  negative 
regulatory  proteins"  whose  suppression  of  PIC  activity 
could  be  overruled  by  activators  such  as  G  proteins. 
Ten  years  ago,  Irvine  and  his  colleagues  demonstrated 
that  some  of  the  lipid  constituents  of  cell  membranes, 
especially  phosphatidylcholine  and  sphingomyelin, 
which  are  abundant  in  plasma  membranes,  are  power¬ 
ful  inhibitors  of  PIC  activity^'.  Whilst  pure  phospho¬ 
lipid  substrates  are  rapidly  degraded  by  PICs,  phos¬ 
phatidylcholine-rich  unilamellar  vesicles  or  plasma 
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similar  apparent  concentrations  of  PIP2,  are  very  poor 
substrates.  These  considerations  do  not  rule  out  a  role 
for  additional  modulatory  proteins,  but  a  more  parsi¬ 
monious  interpretation  of  current  knowledge  would  be 
to  suggest  that  G  proteins  may  activate  PICs  by 


rendering  them  more  capable  of  utilizing  bilayer 
substrates. 

A  corollary  to  the  above  suggestion  is  that  whilst 
bilayer  substrates  may  be  inappropriate  for  the  sensi¬ 
tive  detection  of  PICs  during  purification,  they  are 
likely  to  be  essential  tools  for  studying  their  regulation. 
At  present,  whether  any  of  the  PIC  activities  that  have 
been  purified  is  responsible  for  G  protein-dependent 
hormonal  stimulation  of  riP2  hydrolysis  has  yet  to  be 
established. 

Conclusions 

In  order  to  gain  further  understanding  of  the  organ¬ 
ization,  regulation  and  stoichiometry  of  signal  trans¬ 
duction  components  involved  in  PUN  hydrolysis,  mol¬ 
ecular  genetic  techniques  must  be  augmented  by 
seemingly  straightforward,  yet  tantalizingly  elusive 
advances  in  the  biochemical  analysis  of  such  systems. 
Perhaps  the  most  useful  step  forward  would  be  the 
development  of  routine  assay  procedures  which  facili¬ 
tate  studies  of  the  regulation  of  isolated  and  structurally 
characterized  PIC  isozymes  by  hormone  receptors 
and/or  G  proteins. 
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Regulation  of  muscarinic  acetylcholine  receptor 
function  in  cardiac  cells  and  in  cells  expressing 
cloned  receptor  genes 

Robert  A.  Shapiro,  Kathleen  M.  Tietje,  Emhy  M.  Subers,  Nancy 
M.  Scherer,  Beth  A.  Habecker  and  Neil  M,  Nathanson 


The  regulation  of  the  number  and  function  of  the  inuscarmic  receptors  has  been  investigated  in  cultured  chick 
cardiac  cells  and  in  cells  expressing  cloned  genes  encoding  mammalian,  Drosophila,  and  cluck  muscaunic 
receptors.  A  serum-free  defined  mediiini  for  the  culture  of  chick  embryonic  heart  cells  has  been  used  to  study 
the  regulation  of  niACIiR  number  and  function  by  serum  lipoproteins.  Addition  of  rooster  high  density 
lipoprotein  to  the  culture  medium  results  in  an  attenuation  of  muscarinic  receptor-mediated  inhibition  of 
cAMP  accumulation  without  a  change  in  the  number  of  receptors  or  inhibitory  G  proteins.  Clones  encoding 
the  mouse  ml  receptor  and  a  homologous  receptor  from  Drosophila  have  been  isolated.  When  expressed  in 
Yl  adrenal  cells,  both  receptors  stimulate  phospboinositide  hydrolysis  but  do  not  inhibit  cAMP 
accumulation.  Deletion  of  123  out  of  the  156  ammo  acids  in  the  Hurd  cytoplasmic  loop  of  the  mouse  ml 
receptor  does  not  impair  its  ability  to  stimulate  phosphoinositide  hydrolysis.  A  genomic  clone  encoding  a 
muscarinic  receptor  e.xpressed  in  chick  heart  has  been  isolated.  When  expressed  in  Yl  cells,  it  causes 
inhibition  of  cAMP  accumulation  but  does  not  stimulate  phosphoinositide  hydrolysis. 


Knowledge  of  the  mechanisms  involved  in  the  regula¬ 
tion  of  the  number  and  functional  coupling  of  neuro¬ 
transmitter  receptors  is  essential  for  understanding  the 
molecular  basis  for  signal  transduction  in  the  nervous 
system.  This  chapter  will  describe  some  lecent  studies 
on  the  regulation  of  the  number  and  function  of  the 
muscarinic  acetylcholine  receptor  (mAChR)  in  chick 
cardiac  cells  in  culture  and  the  functional  properties  of 
cloned  mammalian.  Drosophila,  and  avian  mAChR 
genes  expressed  in  cultured  cells  which  lack  endogen¬ 
ous  mAChR. 

Muscarinic  responses  of  heart  cells  cultured  in  serum- 
free  medium 

Cultured  embryonic  chick  heart  cells  represent  an 
attraciii  e  system  for  the  study  of  the  regulation  of 
expression  and  action  of  cardiac  mAChR  in  vitro.  These 
cells  are  easy  to  maintain  in  primary  culture  and 
express  high  levels  of  mAChR  which  can  be  studied 
using  biochemical  and  electrophysiological  tech¬ 
niques*.  However,  a  disadvantage  of  chick  heart  cell 
culture  is  that  the  sensitivity  and  magnitude  of 
mAChR-mediated  physiological  responses  in  chick 
heart  cells  in  culture  can  be  quite  variable  and  depen¬ 
dent  on  the  lot  of  fetal  calf  serum  (PCS)  used.  For 
example,  the  concentrations  of  agonist  which  produce 
both  mAChR-mediated  inhibition  of  adenylate  cyclase 
and  stimulation  of  potassium  permeability  in  cells 
cultured  in  medium  containing  different  batches  of 
serum  can  vary  over  two- three  orders  of  magnitude^ 
To  eliminate  this  source  of  variability  and  to  provide  a 
system  to  identity  serum  and  other  factors  which  might 
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regulate  the  expression  and  function  of  cardiac 
mAChR,  we  established  a  serum-free  defined  medium 
for  the  culture  of  chick  cardiac  cells  with  retention  of 
expression  of  functional  mAChR*. 

Renaud  el  al,^  reported  that  chick  cardiac  cells 
cultured  in  medium  containing  lipoprotein-depleted 
PCS  exhibited  an  increased  mAChR-mediated  negnnve 
chronotropic  response  compared  to  cells  cultured  in 
complete  PCS.  Haigh  et  al.f’  reported  that  this  increased 
response  of  chick  cells  cultured  in  lipoprotein-deficient 
serum  could  be  reversed  by  the  addition  of  bovine  low 
density  lipoprotein  (LDL).  In  order  to  test  the  role  of 
lipoproteins  in  the  regulation  of  cardiac  mAChR  func¬ 
tion  using  a  defined  homologous  system,  we  tested  the 
effects  of  purified  avian  high  density  lipoprotein  (HDL) 
and  LDL  on  the  function  of  mAChR  on  chick  heart  cells 
cultured  in  defined  medium.  Addition  of  HDL  purified 
from  rooster  serum  to  chick  heart  cells  cultured  in 
defined  medium  causes  a  decrease  in  mAChR- 
mediated  inhibition  of  forskolin-stimulated  cAMP 
accumulation,  without  changing  mAChR-mediated 
stimulation  of  phosphoinositide  hydrolysis.  Addition 
of  rooster  LDL  also  resulted  in  attenuation  of  mAChR- 
mediated  inhibition  of  forskolin-stimulated  cAMP 
accumulation.  Addition  of  HDL  to  the  culture  medium 
did  not  change  the  number  of  mAChR  binding  sites  or 
their  affinity  for  agonist  or  antagonist,  and  did  not 
change  the  levels  of  the  inhibitory  G  proteins  in  the 
cells.  However,  addition  of  HDL  decreased  the  ability 
of  guanine  nucleotides  to  inhibit  forskolin-stimulated 
adenylate  cyclase  activity  in  membrane  homogenates 
thus,  culturing  the  cells  in  1  lUL  may  luleileie  with  the 
ability  of  G  proteins  to  interact  with  adenylate  cyclase. 
HDL  lipid  fractions  were  able  to  mimic  the  effect  of 
native  HDL  in  causing  both  an  attenuation  of  mAChR- 
mediated  inhibition  of  forskolin-stimulated  cAMP 
accumulation  on  intact  cells  and  an  attenuation  of 
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guiinine  nuC'COti.te  dependent  inhibition  of  1<  •>.  >lin- 
stimulated  adenyKne  cyclase  activity  in  me  '  .-ane 
homogenate  vvlnlc  apoprotein  fractiori.-  did  not  lause 
a  decrease  in  niACIiR- mediated  inhibition  ot  cAMP 
acciimulatior.  The  effects  of  HDL  and  HDL  lipid 
fractions  weie  iiot  coiralated  with  changes  in  mem¬ 
brane  cholestei  jl  coi  tent.  Tlic  results  suggest  that  lipid 
components  of  HDL  may  decrease  mAChR-mediatcd 
inhibition  of  adenylate  cyclase  by  decreasing  the  ability 
of  the  inhibitoiy  G  prote  n  to  interact  with  adenylate 
cyclase 

Cloning  and  expression  of  mammalian  muscarinic 
receptor  genes 

We  used  a  cDNA  clone  encoding  the  porcine  m2 
mAChR  to  isolate  a  genomic  clone  encoding  the  mouse 
ml  receptor^  The  gene  encoded  a  polypeptide  of  460 
amino  acids  whose  deduced  sequence  was  highly 
homologous  to  other  ml  mAChRs;  there  were  only 
thirteen  (mostly  conservative)  amino  acid  changes  from 
the  porcine  ml  receptor  As  with  other  mammalian 
mAChR  genes,  the  mouse  m  1  gene  did  not  contain 
introns  in  the  coding  region  of  the  gene.  In  order  to 
ensure  that  this  putative  mAChR  gene  encoded  a 
functional  receptor,  the  coding  region  of  the  gene 
inserted  into  a  mammalian  expression  vector  and 
transfected  into  mouse  Y1  adrenal  and  L  fibroblast 
cells.  Control  experiments  demonstrated  that  in  un¬ 
transfected  Y1  or  L  cells,  muscarinic  agonists  had  no 
significant  effect  on  phosplioino.sitide  hydrolysis  or 
intracellular  cAMP  levels.The  mouse  ml  receptor  when 
expressed  in  Y1  cells  exhibited  the  high  affinity  binding 
for  quinuclidmyl  benzilate,,  atropine,  and  pi.renzepinc 
expected  for  an  ml  receptor,  with  dissociation  con 
slants  of  78  pM,  0.32  nM,  and  10  nM,  respectively.  Tlie 
ml  receptor  was  physiologically  active,  as  evidenced  by 
its  ability  to  activate  phospholipase  C.  In  Y1  cells 
expressing  the  mouse  ml  receptor,  carbachol  stimu¬ 
lated  phosphoinositide  hydrolysis  a  maximum  of  20- 
40-fold.  The  stimulation  in  phosphoinositide  hydroly¬ 
sis  evoked  by  1  mxi  carbachol  could  be  90%  blocked  by 
1  gM  atropine.  Carbachol  did  not  cause  an  inhibition  of 
cAMP  accumulation  in  these  cells;  in  fact,  a  slight 
increase  m  cAMP  levels  was  observed  in  response  to 
carbachol.  In  order  to  ensure  that  this  apparent 
selectivity  of  functional  coupling  was  not  due  to  a 
defect  in  the  Y1  cells,  two  types  of  control  experiments 
were  performed.  First,  the  functional  responses  of  the 
ml  receptor  were  determined  after  its  '■xpression  in  a 
second  cell  line,  mouse  L  cells.  Incubation  of  trans¬ 
fected  L  cells  with  carbachol  (1  mM  )  caused  a  2.5-fold 
increase  in  phosphoinositide  hydrolysis  that  could  be 
completely  blocked  by  atropine  (I  gM  ).  Carbachol  did 
not  change  the  level  of  cAMP  in  transfected  L  cells. 
Thus,  the  ml  receptor  when  expressed  in  either  Y1  or  L 
cells  was  able  to  activate  phospholipase  C  but  did  not 
inhibit  adenylate  cyclase. 

As  a  second  control  experiment,  a  cDNA  clone 
encoding  iiie  porcine  ni2  receptor  was  expressed  in  Y1 
cells.  The  m2  receptor  caused  inhibition  of  adenylate 
cyclase:  carbachol  caused  a  30-65%  inhibition  in 
forskolin-stimulated  cAMP  accumulation.  In  contrast, 
carbachol  did  not  cause  a  significant  change  in  phos¬ 
phoinositide  hydrolysis.  Thus,  the  ml  and  m2  re¬ 


ceptors  when  expressed  in  Y1  cells  evoke  different 
functional  responses.  Furthermore,  these  different 
functional  responses  show  differential  sensitivity  to 
ADP-ribosylation  of  the  inhibitory  G  proteins  by  islet- 
activating  protein  (lAP).  Preincubation  of  Y1  cells  with 
75  gg/ml  lAP  completely  blocked  the  ability  of  the  m2 
receptor  to  cause  inhibition  of  forskolm-stiinulated 
cAMP  accumulation,  but  did  not  inhibit  the  ability  of 
the  ml  receptor  to  stimulate  phosphoinositide  hydroly¬ 
sis.  Thus,  different  subtypes  of  mAChR  when 
expressed  in  Y1  adrenal  cells  mediate  different  func¬ 
tional  responses  by  interacting  with  different  G 
proteins 

Deletion  analysis  of  functional  responsiveness  of  the 
ml  receptor 

There  is  considerable  evidence  that  the  third  putative 
cytoplasmic  loop  may  bo  involved  in  the  interaction  of 
such  receptors  as  the  adrenergic  and  muscarinic  recep¬ 
tors  with  specific  G  proteins®.  For  example,  small 
deletion  mutations  within  this  loop  in  the  P-adrenergic 
receptor  cause  a  loss  of  receptor-G  protein  coupling'*''!’, 
and  switching  this  portion  of  the  a-  and  P-adrenergic 
••"ceptors  switches  the  physiological  response  of  the 
Cidmei..  receptor”.  Similarly,,  Kubo  et  a\.  used  an 
oocyte  expression  system  to  demonstrate  that  switch¬ 
ing  the  entire  third  cytoplasmic  loop  between  the  ml 
mAChR  and  the  m2  mAChR  results  in  a  switch  in  the 
type  of  ion  channel  coupled  to  hybrid  receptors'^. 
Thus,  the  third  cytoplasmic  loop  apper.is  to  contain  the 
amino  acid  residues  which  determine  the  specificity  of 
mAChR  coupling. 

In  order  to  identify  more  precisely  which  portion  of 
the  third  cytoplasmic  loop  determines  the  specific 
coupling  of  the  ml  mAChR,  we  constructed  deletion 
mutations  in  the  third  cytoplasmic  loop  of  the  mouse 
ml  receptor  gene.  We  then  expressed  these  mutant 
mAChR  in  Y1  cells  and  determined  the  effect  of  these 
mutations  on  the  ability  of  the  mutant  receptor  to 
stimulate  phosphoinositide  metabolism.  Two  deletion 
mutants  were  made,  which  contain  11  amino  acids 
common  to  the  wild-type  receptor  on  the  amino 
terminal  end  of  the  third  cytoplasmic  loop.  The 
deletions  then  extend  toward  the  carboxyl  terminal  and 
remove  either  64  or  123,  respectively,  of  the  156  ammo 
acids  in  the  third  cytoplasmic  loop.  When  expressed  m 
Yl  cells,  these  mutant  receptors  bound  both  agonists 
and  antagonists  with  affinities  that  were  indistinguish¬ 
able  from  that  of  the  wild-type  receptor.  Further,  both 
mutant  receptors  stimulated  phosphoinositide 
hydrolysis  to  the  same  maximal  extent  and  with 
identical  carbachol  dose- response  curves  as  the  wild- 
lype  receptor.  These  results  demonstrate  that  amino 
acids  221-343  are  not  required  for  coupling  of  the  ml 
receptor  to  activation  of  phospholipase  C,  and  com¬ 
bined  with  the  results  of  Kubo  el  alM,  indicate  that  the 
membrane-proximal  portions  of  the  third  cytoplasmic 
loop  determine  the  functional  specificity  of  muscarinic 
receptor  action. 

Cloning  and  expression  of  a  Drosophila  muscarinic 
receptor 

Acetylcholine  is  a  major  transmitter  in  the  CNS  in 
Drosophila,  and  mAChR  binding  sites  have  been  identi- 
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fied  biochemically‘3.  Because  of  the  advantages  of 
Drosophila  which  allow  a  combination  of  biochemical, 
behavioral,  and  molecular  genetic  studies,  we  have 
isolated  cDNA  and  genomic  clones  encoding  a  mAChR 
from  Drosophila,  termed  DmI.  Analysis  of  the  cDNA 
clones  indicates  that  they  encode  a  polypeptide  of  723 
amino  a<.ids,,  considerably  longer  than  any  of  the 
previously  cloned  mammalian  inACliR.  In  contrast  to 
the  mammalian  mAChR  genes,  which  do  not  contain 
introns  in  the  coding  regions,  the  Drosophila  DmI  gene 
contains  three  introns  in  the  portion  of  the  gene 
encoding  the  third  putative  cytoplasmic  loop.  The 
deduced  amino  acid  sequence  (excluding  the  highly 
variable  third  cytoplasmic  loop)  is  45-50%  identical  to 
the  mammalian  ml,  m2,  m3,  m4  and  m5  receptors. 
However,,  if  only  the  membrane-proximal  portion  of 
the  third  cytoplasmic  loop  is  considered,  the  Drosophila 
mAChR  is  much  more  similar  to  the  mammalian  ml,, 
m3  and  m5  receptors  to  than  the  m2  and  m4  receptors, 
suggesting  that  it  would  preferentially  couple  to  phos- 
phoinosibde  hydrolysis  rather  than  inhibition  of  aden¬ 
ylate  cyclase  activity. 

The  cDNA  clone  encoding  the  Drosophila  Dml  recep¬ 
tor  was  expressed  m  Y1  mouse  adrenal  cells  to  test  if  it 
encoded  a  functional  mAChR  and  to  compare  its 
binding  and  functional  properties  to  that  of  the  mam¬ 
malian  mAChR  previously  expressed  in  this  cell  line. 
The  expressed  Dml  gene  product  exhibited  high 
affinities  for  the  muscarinic  antagonists  quinuclidinyl 
benzilate  and  atropine  (dis.sociation  constants  of  86  pM 
and  0.82  iiM  ),  confirming  that  it  encoded  a  mu.scarmic 
receptor  Furthermore,  these  values  are  consistent  with 
those  reported  by  Haim  et  alf^  for  the  binding  of 
muscarinic  ligands  to  receptors  in  homogenates  pre¬ 
pared  from  Drosophila  heads. 

The  relatively  high  homology  of  the  Dml  receptor  to 
the  mammalian  ml,,  m3  and  m5  receptors  in  the 
membrane-proximal  portions  of  the  third  cytoplasmic 
loop  raises  the  possibility  that  the  Drosophila  receptor 
would  be  functionally  homologous  to  these  receptors 
and  prefeientialiy  couple  to  stimulation  of  phospho¬ 
lipase  C  rather  than  to  inhibition  of  adenylate  cyclase. 
Incubation  of  transfected  Y1  cells  with  caioachol 
increased  phosphoinositide  hydrolysis  18-20-fold  over 
control  levels.  As  was  found  previously  for  the  mouse 
ml  receptor  expressed  in  Y1  cells,  carbachol  did  not 
cause  a  deciease,  and  in  tact  caused  an  increase,  in  the 
level  of  forskolin-stimulated  cAMP  accumulation  in 
intact  cells.  Thus,  the  Drosophila  Dml  mAChR  is  both 
structurally  and  functionally  homologous  to  the  mam¬ 
malian  ml  mAChR. 

The  isolation  of  the  Drosophila  mAChR  gene  will 
allow  a  gcp'.tic  dissection  of  the  role  of  this  receptor  in 
the  whole  animal.  The  introduction  of  wild-type  and 
mutant  mAChR  genes  into  Drosophila  containing  de¬ 
letions  of  the  locus  encoding  the  Dml  (jene  combined 
wiiii  beiiavioial  and  biochemical  studies  should  pro¬ 
vide  valuable  information  on  the  physiological  signifi¬ 
cance  and  functional  role  of  the  mAChR  in  Drosophila. 

Cloning  and  expression  of  an  avian  muscarinic  rccep 
tor 

The  embryonic  chick  heart  has  been  used  extensively 
as  a  model  system  for  the  study  of  the  mechanisms 


involved  in  the  regulation  and  development  of  mAChR 
numbei  and  function  in  cardiac  tissue'  While  there  are 
many  similarities  between  mAChR  in  mammalian  and 
chick  hearts,  there  are  also  a  number  of  significant 
differences.  The  affinities  of  the  two  types  of  receptor 
for  the  Mj-selective  antagonist  pirenzepine  differ  dra¬ 
matically,  with  chick  heart  mAChR  having  a  signifi¬ 
cantly  higher  affinity  for  pirenzepine  than  mammalian 
cardiac  mAChR''*.  The  receptors  can  also  be  distin¬ 
guished  immunologically;  a  number  of  monoclonal 
antibodies  which  recognize  mAChR  from  hearts  of  a 
variety  of  mammalian  species  do  not  crossreact  with 
the  chick  heart  mAChR's.  In  addition,  pepiide  maps  of 
mAChR  from  mammalian  and  chick  hearts  are  differ¬ 
ent'*.  We  cloned  the  chick  heart  mAChR  in  order  to 
determine  the  molecular  basis  of  the  differences 
between  mammalian  and  avian  hearts  and  to  have  a 
molecular  probe  for  the  study  of  the  regulation  of 
mAChR  gene  expression  in  the  chick  heart. 

A  chicken  genomic  ''brary  was  screened  with  a 
mixture  of  nick-translated  probes  encoding  the  mam¬ 
malian  ml  and  m2  receptors.  One  strongly  hj'bridizlng 
clone  was  selected  for  further  study  and  shown  to 
hybridize  a  2.8  kb  RNA  expressed  m  chick  brain  and 
heart.  Sequence  analysis  demonstrated  that  this  gene 
encoded  a  polypeptide  of  490  amino  acids  v/hich  had  a 
high  degree  of  homology  to  the  mammalian  m2  and  m4 
receptors.  When  expressed  in  Chinese  hamster  ovary 
cells,  this  mAChR  exhibited  affinities  for  quinuclidinyl 
benzilate  and  pirenzepine  of  110  pM  and  55  nM, 
respectively,  similar  to  the  values  previously  reported 
for  the  in.AChR  in  chick  heart''*''*.  In  order  to  determine 
the  functional  specificity  of  this  chicken  mAChR,  it  was 
expressed  in  Y1  cells.  Incubation  of  the  cells  with 
caibachol  caused  a  35%  inhibition  of  forskolin-sensitive 
cAMP  in  intact  cells;  there  was  no  stimulation  of 
phosphoinositide  hydrolysis  in  transfected  Y1  cells 
following  incubation  with  carbachol  Thus,  the  chick 
heart  mAChR  has  a  high  degree  of  both  sequence  and 
functional  homology  to  the  mammalian  cardiac 
mAChR. 


Conclusions 

The  abili.,'  to  culture  chick  heart  (.ells  in  defined,, 
serum-free  medium  should  provide  a  useful  system  for 
the  identif’cation  of  factors  anj  hormones  which 
regulate  mAChR  number  and  function  in  the  heart.  The 
combination  of  biochemical,  physiological,  molecular 
biological,  and  genetic  approaches  should  provide  a 
wealth  of  information  on  the  mechanisms  of  action  and 
regulation  of  the  muscarinic  receptor. 


Acknowledgements 

Tho  de.‘'rr’b?d  here  was  suppuiieu  by  a 

Granl-in-Aid  from  the  American  Heart  Association,  by 
Natiomi  Institutes  of  Health  Grants  GM07270,, 
HL3063'*,  HL07312  and  NS26920,  by  the  US  Army 
Research  Office,,  and  b  Grant  #lN-26-29  from  the 
American  Cancer  Society.  NS  is  an  American  Heart 
Association  of  Washington  post-doctoral  fellow.  NMN 
IS  an  wstaiilished  Investigator  of  the  American  Heart 
AssocKilion. 


46 


TiPS  -  December  1989  supplement 


References 

1  Natlianson,  N  M.  (1987)  Anmi.  Rev.  Neurosci.  10, 195-236 

2  Martin,  J.M.,  Hunter,  D.D.  and  Nathanson,  N.M.  (1985) 
Biochemistry  24,  7521-7525 

3  Hunter,  D.D.  and  Nathanson,  N.M.  (1986)  /.  Neurosci.  6, 
3739-3748 

4  Sobers,  E.M.  and  Nathanson,  N.M.  (1988)  /  Mol.  Cell 
Cardiol.  20,  131-140 

5  Renaud,  J.F.  el  at.  (1982)  Proc.  Nall  Acad  Sci.  USA  79, 
7768-7772 

6  Haigh,  L.S ,  Leatherman,  G.F ,  O'Hara,  D.S.,  Smith, 
T.W  and  Galper,  J  B.  (1988)  /.  Bwl.  Client.  263, 
15608-15618 

7  Shapiro,  R.A  ,  Scherer,  N.M.,  Habecker,  B.A ,  Subers, 
E.M.  and  Nathanson,  N  M.  (1988)  /.  Biol.  Chcin.  263, 
183'’-’-18403 


8  Dohiman,  H.G  ,  Caron,  M.G.  and  Lefkowitz,  R.j  (1987) 
Biochemistry  26,  2657-2664 

9  Dtxon,  R.A.F.  et  at.  (1987)  Nature  326,  73-77 

10  Strader,  C  D.  el  id.  (1987)  /  Biol  Cheiii.  262,  16439-16443 

11  Kobilka,  B  K.  st  al  (1987)  Pm.  Natl  Acad  Sci.  USA  84, 
46-50 

12  Kubo,T.  ctfll  (1988)  FEBS  Lett  241,  1 19-125 

13  Haim,  N  Nahum,  S.  and  Dudai,  Y.  (1979)  /.  Netirochein 
32,  543-552 

14  Brown,  J.H  ,  Goldstein,  D.  and  Masters,  S.B  (1984)  Mol. 
Pharmacol.  27,  525-531 

15  Subers,  E.M.,  Liles,  W.C.,  Luetje,  C.W.  and  Nathanson, 
N  M.  (1988)  Trends  Pharinaco'  Sci.  9  (Suppl.  Subtypes 
Muscarinic  Recepl.  Ill),  5-28 

16  Kwatra,  M  M  ,  Ptasienski,  J  and  Hosey,  M.M.  (1989)  Mol. 
Pharmacol.  35,  553-558 


Muscarinic  activation  of  potassium  channels  in 
cardiac  myocytes:  kinetic  aspects  of  G  protein 

function  in  vivo 

*Gabor  Szabo  and  Angela  S.  Otero 

Muscarinic  agonists  open  potassium-selectwc  Kmoo  channels  in  cardiac  myocytes  of  pacemaker  or  atrial 
origin.  Receptor  activation  is  coupled  to  channel  opening  by  a  membrane  bound  guanine  nucleolide-binding 
protein  (Cn)  through  a  process  that  does  not  require  cytoplasmic  intermediates.  VVe  have  used  the  muscarinic 
potassium  channel  and  the  corresponding  macroscopic  current,  l,\ch,  as  rapid,  sensitive  and  specific 
indicators  of  the  state  of  activation  of  Gr.  This  approach,  developed  here  in  quantitative  detail,  allowed  us  to 
identify  the  salient  kinetic  processes  involved  in  the  activation  and  deactivation  of  Gj,  in  vivo.  Agonist  was 
found  to  act  by  accelerating  the  rate  of  CDP  release,  and  the  subsequent  GTP  uptake  by  G^,  while 
deactivation  was  found  to  occur  by  a  process  that  requnes  GTP  hydrolysis.  Unexpectedly,  deactivation  in  the 
intact  system  is  much  more  rapid  than  the  rate  of  GTP  hydrolysis  by  isolated  G  proteins,  suggesting  the 
presence  of  a  GTPase-stimiilating  factor  in  intact  cells. 


One  of  the  first  observed  effects  of  acetylcholine,  the 
slowing  of  the  heart  rate%  can  be  attributed  mostly  to 
the  opening  of  potassium-selective,,  ion-conductive 
channels  in  the  cardiac  pacemaker  and  atrial  cell 
membrane  in  response  to  the  activation  of  muscarinic 
receptors^.  A  significant,  steeply  temperati  ’■e  depen¬ 
dent  delay  (=100  ms)  between  receptor  activation  and 
channel  opening  has  been  the  first  indication  that 
occupation  of  receptors  by  agonist  is  coupled  to 
channel  opening  by  a  multistep  process^'-*.  Thi-  involve¬ 
ment  of  diffusible,  cytoplasmic  intermediates  has  been 
ruled  out,,  however,  by  experiments  in  which  channel 
activity  was  monitored  in  an  isolated  patch  of  the  cell 
membmnp-  agnniti  applied  to  the  ir.clatcc!  patch  acti¬ 
vated  channels  within  the  patch  while  agonist  applied 
outside  the  patch,  a  maneuver  that  should  have 
generated  a  large  amount  of  cytoplasmic  messenger. 


Department  of  Physiology  and  Biophysics,  University  of  Texas 
Medical  Branch,  Galveston,  Texas  77550,  USA,  ’’Present  address. 
Dqiartment  of  Physiology,  University  of  Virginia  Health  Sciences 
Center,  Charlottesville,  VA  22908,  USA. 


did  not®.  The  involvement  of  membrane  bound  guan¬ 
ine  nucleotide  binding  proteins  (G  proteins)®-^  in  the 
coupling  process  has  been  demonstrated  by  the  obser¬ 
vation  that  intracellular  application  of  poorly  hydrolys- 
able  analogs  of  GTP  leads  to  persistent,  antagonist- 
resistant  channel  activation  and  also  by  the  fact  that 
pertussis  toxin,  which  is  known  to  inactivate  a  class  of 
G  proteins  by  ADP  ribosylation,  abolished  channel 
activation  by  agonist*-'-*.  These  original  observations 
have  been  confirmed  and  extended  using  single  chan¬ 
nel  measurements  in  exased  patches  of  cell  mem¬ 
branes'®-”.  It  has  been  shown,  in  particular,  that 
purified  G,-type  G  proteins  activated  by  GTPyS  and 
iipuiieu  io  iiie  mu  jcei'.uiar  aspect  of  exciseU  atrial  cell 
membranes,  can  activate  K  channels  directly'^-'*. 

Channel  conductance  as  an  indicator  of  Gk  activation 
Direct  activation  of  the  K*  channel  by  purified  G 
protein  in  patches  suggests  the  possibility  of  using  the 
macroscopic  current  through  the  uiuscarmic  activated 
K+  channels,  Iach-  as  an  indicator  of  the  degree  of 
activation  of  Gk-  th.e  G  protein  that  opens  the  channel 
in  vivo.  Single  channel  measurements  using  cell- 
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attached  patches  of  cell  membrane  indicate  that  appli¬ 
cation  of  agonist  to  the  extracellular  aspect  of  the  cell 
membrane  increases  the  rate  of  channel  opening  but 
does  not  affect  single  channel  conductance  or  mean 
channel  open  timeS-'®-'’*.  Moreover,  the  probability  of 
channel  opening  remains  small  even  at  maximally 
activating  concentrations  of  agonist  This  is  illustrated 
in  Fig  1  for  an  experiment  performed  in  the  on-cell 
configuration.  Single  channel  openings  (upward  de¬ 
flections)  were  induced  by  the  perfusion  of  a  patch 
pipette  with  1  pM  ACh.  Note  that  there  are  at  least  three 
K(ACh)  channels  in  the  patch  since  the  simultaneous 
opening  of  three  channels  is  observed  on  at  least  one 
occasion.  Most  of  the  time,  however,  only  one  channel 
is  open,  indicahng  that  the  probability  of  the  channel 
being  open  is  much  less  than  unity  even  at  maximal 
activation  of  the  system.  At  lower  concentrations  of 
•ACh,  channel  open  probability  decreases  proportion¬ 
ately.  Taken  together,  these  data  suggest  that  the 
channel  open  probability  may  be  used  to  assess  the 
degree  of  Gk  activation: 


Po  =  yr  (1) 

where  Po  ts  the  channel  open  probability,  P*  is  the 
membrane  concentration  of  activated  Gk  and  y  is  a 
factor  of  proportionality.  The  overall  current  Iacii  for  a 
cell  having  N  muscannic  activated  K+  channels  is  given 
by. 

/ach  =  Npohc  ~  ^yhc^'  (2) 

where  /sc  is  the  single  channel  current  for  a  given 
potential  applied  across  the  membrane.  The  maximal 
current  is  attained  when  all  of  the  Gk  available  in  the 
membrane,  G,oi,  is  activated: 

I  AO.  =  WY/scr,o,  (3) 

so  that  the  fraction  of  the  current  activated  under  a 
given  experimental  situation  is  a  direct  measure  of  the 
fraction  of  Gk  activated: 


/acii  _  F' 

7max  1  * 

*  ACh  ^  tot 


(4) 


The  simplest  model  for  the  activation  cf  G  proteins 


consists  of  two  states,  namely  the  resting,  diphosphate 
bound  state  and  the  activated,  triphosphate  bound 
state.  At  present,  the  most  successful  experimental 
approach  to  study  activation  in  the  absence  of  agonist  is 
to  flood  the  cell  with  a  hydrolysis  resistant  analog  ot 
GTP,  denoted  here  as  GXP.  Since  nucleotide  hydrolysis 
and  therefore  G  protein  deactivation  is  not  possible,  as 
shown  in  the  following  scheme: 

Resting  ^  Activated 

state  state 

(Gcdp)  {Ggxi>) 

in  the  absence  of  agonist,  release  of  GXP  from  G'gxp  is 
very  slow  and  Gk  will  accumulate  in  its  activated  form. 
The  rate  at  which  this  process  occurs  under  various 
experimental  circumstances  reveals  much  about  the 
mechanism  of  G  protein  activation.  Noting  that: 

r  +  r  =  r,„,  (5) 

where  P  is  the  membrane  concentration  of  non  acti¬ 
vated,  GDP  bound  Gk,  the  rate  of  increase  in  the 
membrane  concentration  of  the  activated,  GXP  bound 
form  of  Gk  is  given  by: 

dr 

~  knX  —  /‘m(F|ot  ~  F  )  (6) 

which  can  be  integrated  to  yield: 

F(i)  =  F|„|(]  -  (7) 

It  is  found,  in  particular,  that  the  initial  rate  at  which  the 
fraction  of  activated  Gk  increases  is  a  direct  measure  of 


Considering  (Eqn  4),  it  also  follows  that  the  initial 
fractional  rate  of  appearance  of  Iacii  is  actually  equal  to 
the  rale  constant  k^. 


Fig  1  The  pffect  of  local  application 
of  ipM  ACh  to  a  patch  of  atrial  cell 
membrane  Ihe  patch  pipette,  per¬ 
fused  in  the  cell-attached  configur¬ 
ation,  was  filled  with  100  riiM  KCI, 
25  mu  HFPES  (pH  7  4)  and  held  at 
0  mV  The  resting  membrane  poten¬ 
tial  is  near -35  mV  .Arrow  marks  the 
start  of  perfusion 
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Rate  constants  of  receptor-independent  and  receptor- 
dependent  activation  of  Gk 

We  have  previously  characterized  initial  rates  of 
activation  for  Iacu  observed  following  the  injection  of 
several  hydrolysis-resistant  analogs  of  GTP  info  atrial 
myocytes'5.  The  preceding  analysis  demonstrates  that 
the  initial  rates  in  fact  correspond  to  the  actual  rate 
constants  of  Gk  activation.  In  the  absence  of  agonist, 
when  myocytes  are  rapidly  flooded  with  hydrolysis- 
resistant  analogs  having  different  structures  (guano- 
sine-5'-0-[3-thiotriphosphate],  GTP-yS,  guanylylimido- 
diphosphate,  GppNHp;  and  guanylyl[(},Y-methyl- 
ene]-diphosphate,  GppCH2p),  the  rate  constants  of 
receptor-independent  activation  of  Gk  'vere  found  to 
be  essentially  the  same,  near  0.4  min"'.  An  identical 
rate  constant  for  the  uptake  of  structurally  different 
analogs  suggests  that  Gk  activation  is  limited  by  a 
process  that  precedes  triphosphate  binding;  this  pro¬ 
cess  is  likely  to  be  the  receptor-independent,  spon¬ 
taneous  release  of  GDP  from  Gk-  If  so,  then  the  rate 
constant  for  basal  GDP  release  by  Gk  in  cardiac 
myocytes  is  0.4  min"'. 

On  application  of  agonist,  the  rate  constant  of 
activation  increases  linearly  with  agonist  concentration 
in  a  manner  that  is  independent  of  the  structure  of  the 
GTP  analog,  suggesting  again  that  agonist  acts  by 
increasing  the  rate  of  GDP  release  from  Gk-  For  ACh, 
the  rate  constant  of  GDP  release  is  estimated  this  way  to 
be  8  4x10®  [ACh]  in  units  of  min"'  M"'.  Note  that  there 
is  a  specificity  among  the  three  GTP  analogs  for  the 
nucleotide  binding  site  of  Gk.  This  becomes  evident 
when  significant  concentrations  of  GTP  are  present  and 
compete  for  the  nucleotide  binding  site.  As  Gk  acti¬ 
vated  by  GTP  IS  rapidly  deactivated  owing  to  hydroly¬ 
sis,  GTP  effectively  reduces  the  rate  at  which  the  analog 
is  binding  to  and  persistently  activates  Gk  •  The  order  of 
decreasing  effectiveness  for  the  analogs  to  compete 
with  GTP  is  GTPyS  >  GTP  >  GppNHp  >  GppCH2p.  A 
specificity  in  the  ability  of  GTP  to  shunt  persistent 
activation  by  analogs  implies  the  existence  of  a  tran¬ 
sient  state  of  Gk  in  which  nucleoside  triphosphate 
exchange  may  occur  rapidly  and  come  to  equilibrium 
within  the  time  scale  of  GDP  release. 

Kate  constant  of  Gk  deactivation 

Under  physiological  circumstances,  Iacs  decays  rap¬ 
idly  upon  removal  of  the  agonist,  with  ti<  300  ms  for 
atrial  myocytes.  Under  the  simplest  circumstances,  the 
process  of  deactivation  may  be  described  as  a  first  order 
rate  process  with  rate  constant  The  activation- 
deactivation  cycle  may  be  described  by  the  following 
scheme: 

Gcoi’  - Gcti> 

while  tile  corresponding  rate  equation  can  be  written  as 

dr 

—  (10) 

df 

On  removal  of  agonist,  falls  to  a  negligibly  small 


value  Equation  10  has  the  following  solution  for  this 
case: 

kH, 

r  =  r,„,  —  e-w  (11) 

km  i"  kc.it 

The  rate  constant  of  deactivation  can  therefore  be 
calculated  from  the  decay  time  of  Iaciv  which  is  equal  to 
that  of  G'.  For  atnal  myocytes,  the  observed  tj  of  <  300 
ms  corresponds  to  >  200  min"'.  A  similar  result  is 
obtained  by  extrapolating  the  rate  of  activation  deter¬ 
mined  with  the  help  of  hydrolysis-resistant  analogs,  to 
the  half-activating  ACh  concentration  of  the  Iacu" 
[ACh]  dose-response  curve,  160  nM.  At  this  concentra¬ 
tion  of  ACh,  A'cai  =  km  and  A'm  -  8. 4xl0®x  1.6x10"^  = 
134  min"' .  Both  of  these  eshmates  are  nearly  two  orders 
of  magnitude  faster  than  rates  of  GTP  hydrolysis  by 
purified  G  proteins,  which  are  in  the  range  of  4  min"'. 

There  are  at  least  two  explanations  for  this  discrep¬ 
ancy.  It  is  possible  that  Gk  is  not  deactivated  by  GTP 
hydrolysis  but  by  GTP-GDP  nucleotide  exchange 
instead.  A  more  likely  possibility  is  that  the  GTPase 
activity  of  Gk  is  increased  in  vivo  by  the  presence  of  an 
additional  component  in  the  membrane.  Recent  exper¬ 
iments  indicate  that  in  the  presence  of  activating 
concentrations  of  agonist,  nucleotide  exchange  may 
occur  rapidly"’.  Thus,  extracellular  application  of  a 
pulse  of  agonist  to  cells  in  which  I,\ch  has  been 
activated  in  a  receptor-independent  manner  by 
intracellular  perfusion  of  a  mixture  of  a  poorly 
hydrolysable  GTP  analog  and  GTP,,  markedly  reduces 
or  abolishes  Iacii-  This  indicates  that  agonist  induces 
rapid  nucleotide  exchange  at  the  previously  occluded 
nucleotide  binding  site'®.  Note,,  however,  that  the 
presence  of  GTP  is  obligatory  for  this  phenomenon  to 
be  observed;  when  only  GDPPS  and  GXP  are  present, 
the  agonist-induced  deactivation  is  absent.  Thus,  while 
nucleotide  exchange  is  possible  in  the  presence  of 
agonist,  GTP-GDP  exchange  cannot  account  for  deacti¬ 
vation  of  Gk  on  removal  of  agonist  These  observations 
argue  strongly  for  GTP  hydrolysis  being  responsible  for 
deactivation.  Note,  however,  that  GTP  hydrolysis  by 
purified  G  proteins  is  much  slower  than  the  rate  of  G 
protein  deactivation  in  vivo.  The  discrepancy  suggests 
that  intact  cells  may  contain  a  factor  that  accelerates 
GTP  hydrolysis  by  Gk-  This  may  be  the  effector  iLself 
(e.g  the  channel  protein)  or  some  unidentified  factor 
analogous  to  GAP,  the  cytosolic  protein  that  stimulates 
the  GTPase  activity  of  p2P‘’'>  protein'^. 

A  kinetic  scheme  for  G  protein  function 

The  scheme  (Fig.  2)  summarizes  and  attempts  to 
integrate  presently  available  structural  and  kinetic 
information  concerning  the  detailed  mechanisms  by 
which  G  proteins  couple  the  signal  of  receptor  acti- 
v.aiinr'  to  the  mndulatior.  of  effector  function,.  Tlic 
left-hand  'primary'  cycle,  which  is  likely  to  operate 
under  normal  physiological  circumstances,  is  com¬ 
posed  of  the  resting,  heterotrimeric  form  of  Gk  which, 
upon  interaction  with  activated  receptor  (R'),  dis¬ 
sociates  into  a  and  py  subunits.The  rate  of  this  process 
is  governed  by  the  concentration  of  receptors  activated 
by  agonist,  giving  rise  to  the  agonist  dependence  of  this 
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Resting  State 


Desensitized 

Slate 


Activated 

State 


Primary  Cycle  Occluding  Cycle 


Fig  2  Kinetic  scheme  for  the  signal  coupling  function  of  G 
proteins  a,  (5  and  y  G  protein  subunits  [  ].  occluded 
nucleoside  binding  site.  ( )  deoccluded  nucleoside  binding 
site  D  nucleoside  diphosphate,  T  nucleoside  triphosphate 
The  open  state  of  the  Kach  channel  is  indicated  by  asterisks 


process.  Activated  receptor  induces  an  open,  nucleo¬ 
side  tnphosphate-preferring  configuration  of  the  bind¬ 
ing  site  on  the  a  subunit  which,  under  physiological 
conditions,  causes  the  release  of  GDP  and  uptake  of 
GTP.  In  its  nucleoside  triphosphate  bound  form,  the  cr 
subunit  interacts  with  the  channel  and  increases  the 
probability  of  its  opening.  Although  GTP  hydrolysis 
usually  returns  the  system  to  its  resting  state,,  the 
'open'  achvated  state  may  also  be  converted  into  an 
occluded  state  in  which  nucleotide  at  the  binding  site 
cannot  e,xchange  with  that  in  the  surrounding  medium. 
The  process  of  occlusion  is  best  observed  in  the 
presence  of  poorly  hydrolysable  GTP  analogs  which 
prevent  the  return  to  the  resting  state;  we  have 
observed  a  rate  of  occlusion  near  1  min"*  at  sub¬ 
threshold  concentrations  of  agonist  under  these  ar- 
cumstances.  Note  that  the  channel  activity  induced  by 
GTPyS-bound  a  subunit  is  not  sensitive  to  inactivation 
by  functional  antibodies  raised  against  the  «  subunit,, 
implying  that  channel  and  cv  subunit  form  a  stable 
complex  in  the  occluded  form**.  At  high  concentrations 
of  agonist,  activated  receptors  favor  deocclusion,  again 
leading  to  the  appearance  of  an  'open'  form**-*^.  GTP 


hydrolysis  is  also  possible  in  the  occluded  active  state. 
However,  the  product  of  this  process  is  a  hypothetical 
'desensitized'  state  in  which  deactivated  a  subunits 
having  GDP  occluded  in  the  binding  site  form  a  stable 
complex  with  the  channel.  A  relatively  slow  buildup  of 
this  inactive  state  would  reduce  the  number  of  channels 
available  for  activation  and  may  explain  the  rapid  phase 
of  the  desensitization  seen  on  prolonged  application  of 
agonist^®.  By  a  slow  exchange  of  channel  for  (5y 
subunits,  the  desensitized  form  can  return  in  our 
scheme  to  the  resting  state,  accounting  for  the  slow 
recovery  of  the  system  from  desensitization.  While  the 
scheme  of  Fig.  2  is  consistent  with  the  majority  of  the 
observations  made  on  G  protein  mediated  channel 
activation,  further  experiments  will  be  required  to 
ascertain  its  validity  in  detail. 
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Structure-activity  relationships  and 
pharmacological  profile  of  selective  tricyclic 

antimuscarinics 

W.G.  Eberlein,  W.  Engel,  G.  Mihm,  K.  Rudolf, 
B.  Wetzel,  M.  Entzeroth,  N.  Mayer  and  H.N.  Doods 

The  discovery  of  the  MrSelective  receptor  antagonist  pirenzepine  was  the  impetus  for  a  research  project 
directed  towards  the  development  of  selective  muscarinic  antagonists  In  the  pursuit  of  this  objective, 
compounds  ivith  different  selectivity  profiles  have  been  found.  AF-DX  116  was  the  first  cardiosclectwe 
antagonist  synthesized.  Subsequently  novel  M2  receptor  antagonists  have  been  discovered  with  higher 
potency  and  selectivity.  Moreover,  a  pircnzepiiie-type  compound  LIH-AH  37  has  been  identified  that,  in 
contrast  to  pirenzepine,  siioios  a  higher  affinity  for  ileal  than  for  atrial  muscarinic  receptors.  Among  tricyclic 
iniiscai  line  receptor  antagonists  three  different  selectivity  profiles  have  been  identified,  namely:  Mj  >  M ,  > 

Ml,  M„„,for  pirenzejnne:  ^2  >  Mi>  M3,  M^,„  for  AF-DX  116,  AF-DX  384,  AQ-RA  741;  and  M,.,,,  =  M, 

>  M2,  M3  for  Uhl- AH  37  and  its  (+)  enantiomei. 


The  tricyclic  muscarinic  receptor  antagonists  piren¬ 
zepine  and  AF-DX  116  were  respectively  the  first  M, 
and  M2  selective  drugs  intensively  used  as  research 
tools.  In  this  paper  we  summarize  part  of  our  work 
directed  towards  the  development  of  selective  tricyclic 
muscarinic  receptor  antagonists  with  greater  or  differ¬ 
ent  selectivity 

Tricyclic  compounds  as  selective  antimuscarinics 
The  structure  of  pirenzepine  is  depicted  in  Fig.  1.  It 
consists  of  a  butterfly-shaped  tricyclic  ring  system  and  a 
(methylpiperazinyl)-acetyl  sid°-chain,  which  are  con¬ 
nected  by  a  carboxamide  bond.  It  is  well  known  from 
receptor  binding  studies  that  pirenzepine  exhibits 
substantial  affinity  only  towards  the  muscarinic  recep¬ 
tor  system’.  Attempts  to  interpret  these  findings  have 
recently  been  undertaken  both  by  semiempirical  quan¬ 
tum  mechanical  calculations^  and  by  the  establishment 
of  structure-activity  relationships^.  In  the  case  of 
pirenzepine,  the  differences  in  binding  affinities 
between  the  muscarinic  receptor  and  for  example  the 
imipramine  receptor  are  brought  about  by  three 
features:  the  endocyclic  amido  group,  the  position  of 
the  protonated  nitrogen  with  respect  to  the  tricyclic 
ring  and  to  a  minor  extent  the  exocyclic  amide  bond 
(see  left  panel  of  Fig.  2)  A  detailed  analysis-*  of  the 
muscarinic  antagonists  of  the  pirenzepine  type 
revealed  important  features  for  M,  selectivity  as  sum¬ 
marized  on  the  right  in  Fig.  2.  M,  selectivity  is 
controlled  by  both  the  tricycle  and  the  side-chain  but 
with  a  dominant  influence  of  the  side-chain.  Among 
the  tricycles  studied,  highest  selectivity  has  been 
obtained  with  i.oiiipuuiids  euniaining  iiie  pyridobenzo- 
diazepinone  system.  As  to  the  influence  of  the  side- 
chain  on  Mi  selectivity  it  has  been  found  that  semirigid 
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systems  with  six-membered  rings,  which  obviously 
force  the  protonated  nitiogen  into  a  definite  spatial 
orientation  in  relation  to  the  tricycle,  are  especially 
favourable. 

In  the  course  of  this  systematic  variation  of  the 
side-chain  of  pirenzepine  we  discovered  compounds 
with  a  different  selectivity  profile.  These  exhibited  higli 
affinity  for  the  receptors  of  the  heart.  The  most 
promising  member  of  this  family  of  M2-selective  com¬ 
pounds  is  represented  by  AF-DX  1 16  (Ref.  5;  Fig  3).  It  is 
important  to  note  that  structural  differences  between 
pirenzepine  and  AF-DX  116  are  very  subtle.  The 
side-chain  has  been  modified  in  such  a  way,  that  the 
most  basic  nitrogen  is  not  incorporated  into  the  ring 
itself  but  is  attached  to  it  via  a  methylene  bridge.  In 
contrast  to  pirenzepine,  AF-DX  116  is  able  to  discrimi¬ 
nate  clearly  between  the  cardiac  and  the  glandular 
muscarinic  receptors. 

As  part  of  our  research  strategy  we  decided  to  look 
for  follow-up  compounds  with  two  objectives  in  mind 
We  felt  It  might  be  possible  to  identify  compounds 
which  are  more  potent  and  which  possess  an  increased 
heart/smoolh  muscle  selectivity.  But  how  could  more 
pronounced  M2  selectivity  be  achieved?  The  line  we 
followed  was  based  on  structurc-activit)'  relationships 
already  established.  The  tricycle  was  considered  to  uc 
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only  of  minor  influence.  However,  a  side-chain  with 
higher  flexibility  seemed  to  be  essential.  Based  on  the 
structuial  differences  of  sets  of  Mi-  and  Mj-selective 
compounds,  we  postulated  that  Mi  and  M2  selectivity 
is  controlled  by  different  spatial  orientations  of  the 
prolonated  side-chain  nitrogen.  This  hypothesis  could 
be  substantiated  by  extensive  conformational  analyses 
with  molecular  mechanical  calculations. 

Based  on  these  ideas  a  systematic  variation  of  the 
structural  elements*  of  the  side-chain  of  AF-DX 116  has 
been  perfonned  as  shown  in  Figs  4  and  5.  Our  strategy 
proved  to  be  very  successful  because  two  interesting 
compounds  could  be  identified  within  the  series 
depicted  in  Figs  4  and  5.  The  first  compound,  AF-DX 
384,  is  the  result  of  the  synthesis  of  a  senes  of  urea 
analogs  of  AF-DX  116.  It  shows  improved  achvity  and 
selectivity  similar  to  AF-DX  116.  The  most  attractive 
derivative  of  the  senes  shown  in  Fig.  5  represents 
compound  AQ-RA  741  Compared  to  AF-DX  116  if 
shows  tenfold  higher  activity  and  improved  heart 
smooth  muscle  selectivity.  Furthermore  AQ-RA  741 
has  the  advantage  of  being  achiral. 


Fig  2  Summary  of  structure-activity  and  selectivity  relation¬ 
ships  of  Mr  selective  compounds 


Another  interesting  issue  for  drug  design  within  the 
class  of  tricyclic  compounds  refers  to  the  principles  of 
chirality  of  the  tricyclic  ring  As  shown  in  Fig.  6  the 
tricyclic  system  might  exist  as  a  pair  of  stable  enantio¬ 
mers  provided  that  the  barrier  to  inversion  is  suffi¬ 
ciently  high^.  In  the  case  of  pirenzepine  for  example  the 
barrier  to  inversion  appears  to  be  too  low  for  separation 
of  the  enantiomers  at  room  temperature.  The  investiga¬ 
tion  of  a  large  set  of  pirenzepine-like  aminoacylated 
tricyclic  compounds  has  demonstrated  that  the  barrier 
to  inversion  is  extremely  sensitive  to  the  size  of 
substituents  in  the  peri-position  adjacent  to  the  basic 
side-chain*.  This  feature  made  compound  UH-AH  37 
(Fig.  3)  a  likely  candidate  for  separation  since  it  carries  a 
bulky  chlorine  atom  in  one  of  the  critical  peri-positions. 
In  fact,  we  found  that  UH-AH  37  is  a  racemate  which 
can  easily  be  sepuiaivu  imu  iis  iwo  cnaniiomers.  The 
(+)  enantiomer  of  this  compound  UH-AH  371  is  much 
more  potent  than  the  (--)  isomer. 

In  pharmacological  experiments  UH-AH  37  and  its 
(+)  enantiomer  showed  another  interesting  feature. 
Although  UH-AH  37  and  UH-AH  371  reveal  a  binding 
profile  similar  to  pirenzepine,  in  functional  tests  both 
compounds  possess  a  tenfold  higher  affinity  for  ileal 


AF-DX  116 


UH-AH  37 


Fig  3  Chemical  structures  of  AF-DX  1 16  and  UH-AH  37 


compared  to  atrial  muscarinic  receptors.  Thus,  UH-AH 
37  and  its  enantiomer  UH-AH  371  represent  interesting 
tools  for  further  elucidation  of  the  muscarinic  system. 

Biological  properties  of  select,  ve  tricyclic  muscarinic 

receptor  antagonists 

Pirenzepine 

Pirenzepine  binds  only  to  Mj  receptors  with  high 
affinity,  whereas  compounds  like  dicyclomine, 
4-DAMP  and  hexahydro-sila-difenidol  (HHSiD)  do  not 
exhibit  this  selectivity  profile'-'.  The  affinity  of  piren¬ 
zepine  for  M]  receptors  vanes  between  4  and  20  nmol/1 
depending  on  the  test  system  used.  We  have  examined 
the  selectivity  profile  of  pirenzepine  in  detail  in  both 
m-nilro  and  in-vivo  models.  The  pfC,  values  of  piren¬ 
zepine  for  cortical  Mi,,  cardiac  M2,  glandular  Mj  and 
ileal  smooth  muscle  binding  sites  are  8.0,  6.3,  6.8  and 
6.4,  respectively.  In  functional  studies  muscannic 
agonist  effects  on  inhibitory  Mi  receptors  in  rabbit  vas 


AH-UX  JBM 


ACTIVIIY  :■  AF-DX  384  >  AF-DX  116 

SFLECTIVITY  :•  AF-DX  384  ~  AF-DX  116 


Fig  4  General  formula  of  urea  analogs  of  AF-DX  116  and 
structure  of  AF-DX  384 
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(CH2)nNEt2  (CH2)4NEt2 

AO-RA  741 

ACTIVITY  ;  AQ-RA  7H1  >  AF-DX  116 

SELECTIVITY  :  AQ-RA  7^11  >  AF-DX  116 

Fig  5.  General  formula  of  AF-DX  1 16  analogs  substituted  m  the 
4  position  of  the  piperidine  ring 


deferens,  guinea-pig  cardiac  M2  receptors  regulating 
heart  rate,  rat  pancreatic  Mj  receptors  mediating 
«-amylase  secretion  and  guinea-pig  ileai  receptors 
responsible  for  smooth  muscle  contraction  (denoted  by 
Msm  in  this  paper)  were  antagonized  with  pA2  values 
that  correspond  to  8.2,  6.8,  6.5  and  6.7,  respectively. 
Accordingly,  theMi  selectivity  of  pit  enzepine  amounts 
to  approximately  1^79-fold  in  comparison  to  the  other 
subtypes.  In  the  rat  pirenzepine  exhibits  a  marked 
selectivity.  Almost  22-fold  lower  doses  are  sufficient  to 
antagonize  the  McN-A-343  induced  increase  in  blood 
pressure  (ED50  =  112  nmol/kg,  i.v.)  than  the  bradycar¬ 
dia  induced  by  vagai  stimulation.  The  increase  in  biood 
pressure  is  due  to  stimulation  of  Mi  receptors  in 
sympathetic  ganglia  which  results  in  the  release  of 
noradrenaline.  Pirenzepine  also  possesses  selectivity 
for  M|  receptors  compared  to  tliose  responsible  for  the 
pilocarpine  evoked  salivation  (sixfold).  Moreover,  in 
the  lumen-perfused  stomach  preparation  of  the  ur¬ 
ethane-anaesthetized  rat,  a  dose  of  62  nmol/kg  pro¬ 
duces  50%  suppression  ot  the  acid  secretion  induced  by 
electrical  stimulation  of  vagai  fibers.  Approximately 
40-fold  higher  doses  of  pirenzepine  are  necessary  to 


Fig  6.  Chemical  structure  of  the  pyridobenzodiazepine 
system  and  alropisomerism  of  the  tricycle 


inhibit  the  vagally  mediated  bradycardia  in  the  rat 
(ED50  =  2512  nmol/kg).  The  selectivity  profile,,  there¬ 
fore,,  is  M]  >  M3  >  M2,  Mgm. 

AF-DX  m,  AF-DX  384  and  AQ-RA  741 

The  interaction  of  AF-DX  116  with  the  M2  receptor  is 
characterized  by  a  dissociation  constant  of  about  1  x 
10'^  M.  The  Ml  receptors  as  well  as  those  on  intestinal 
smooth  muscle  exhibit  an  intermediate  affinity  for 
AF-DX  116.  The  glandular  M3  type  has  a  low  affinity  for 
AF-DX  116  with  a  pfC,  value  of  5.7. 

Thus,  unlike  pirenzepine,  AF-DX  116  is  able  to 
discriminate  markedly  between  cardiac  and  giandidar 
muscarinic  receptors.  This  approximately  30-fold  dif¬ 
ference  in  affinity  aided  the  classification  of  cardiac  and 


Fig  7  Arunlahshana-Schild  plots  of  the  antagonism  by  UH-AH 
37  and  AQ-RA  74 1  of  the  responses  to  methacholine  at  the 
muscarinic  receptors  mediating  ileal  contraction  and  heart 
rate 

glandular  muscarinic  receptors  into  M2  and  M3,  respec¬ 
tively®.  The  in-vivo  selectivity  of  AF-DX  1 16  in  rats  is  in 
agreement  with  1: -vitro  data.  The  vagally  induced 
bradycardia  is  blocked  by  AF-DX  116  in  doses  26-  and 
6-fold  lower  than  those  needed  to  antagonize  agonist- 
induced  salivation  and  increase  in  blood  pressure,, 
respectively  (sec  Table  1),  Phase  I  studies  show  that 
after  i.v.  or  oral  administration  of  AF-DX  116  heart  rate 
is  increased  without  significant  changes  in  salivary 
flow,  pupil  diameter  and  near-point  vision'®. 

In  the  course  of  the  search  for  successors  of  AF-DX 
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116  two  new  compounds  (AQ-RA  741  and  AF-DX  384) 
with  interesting  properties  have  been  found.  AF-DX 
384  exhibits  a  higher  affinity  for  muscarinic  receptors 
compared  to  AF-DX  1 16  (see  Table  I)  with  a  comparable 
degree  of  selectivity.  AQ-RA  741  is  an  AF-DX  116 
analog  with  a  1 5-30-fold  higher  affinity  for  cardiac  M2 
receptors.  In  addition,  the  cardiac  versus  ileum  selec¬ 
tivity  of  this  compound  (=  80-fold)  is  more  pronounced 
whereas  the  M2/M3  ratio  is  unchanged  (Table  I,  Fig.  7) 
To  date  this  drug  is  the  most  potent  M2  antagonist  with 
a  selectivity  profile  comparable  to  that  of  methoctram- 
ine.  In  pithed  rats  AQ-RA  741  (i.v.)  is  sevenfold  more 
potent  than  AF-DX  116  in  antagonizing  the  bradycardia 
elicited  by  stimulation  of  the  right  vagus  nerve.  In 
addition  the  cardioselectivity  is  more  pronounced 
(Table  I).  The  in-vivo  selectivity  of  AQ-RA  741  in  the 
anaesthetized  cat  is  shown  in  Fig.  8.  In  this  model  the 
administration  of  methacholine  (50  pg  i.v.  and  i.a.) 
results  in  a  decrease  in  heart  rate,  increase  in  duodenal 
and  bladder  pressure,  broiichoconstriction,  and  en¬ 
hanced  salivation.  The  -log  ED50  value  (mol/kg)  of 
AQ-RA  741  to  antagonize  the  bradycardia  was  7.53, 
whereas  13-67-fold  higher  doses  were  necessary  to 
antagonize  the  effects  on  duodenal  pressure  (-log  ED50 
=  6.03),  bladder  pressure  (-log  ED50  =  5.94),  airway 
resistance  (-log  ED50  =  6.40)  and  salivation  (-log  ED50 
=  5.70).  Thus  the  selectivity  profile  of  AF-DX  116, 
AF-DX  384  and  AQ-RA  741  is;  Mo  >  M,  >  M3,  Ms„. 

The  direct  effects  of  the  parasympathetic  nervous 
system  on  the  cardiac  function  are  a  reduction  in  heart 
rate  and  a  slowing  of  the  rate  of  conductance  through 
the  AV  node.  Because  the  receptors  mediating  these 
effects  are  of  the  M2  subtype,  it  is  anticipated  that  M2- 
selective  antagonists  like  AF-DX  116  and  AQ-RA  741 
will  be  useful  in  the  treatment  of  bradycardic  disorders 
and  certain  types  of  AV  block". 

UH-AH37 

In  radioligand  binding  experiments  the  affinity  (pfC, 
values)  of  UH-AH  37  for  cortical  Mj,  cardiac  M2  and 
glandular  M3  binding  sites  were  8.05,  7  05  and  7.46, 
respectively.  A  comparison  with  piren/epine  showed 
that  the  affinities  of  both  compounds  for  the  Mj 
receptor  were  similar  However,  the  Mi  selectivity  of 
UH-AH  37  was  less  pronounced.  A  sinking  difference 
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Fig  8  Potency  of  AQ-RA  741  in  antagonizing  the  effects  of 
methacholine  (50  ng  iv.  on  a)  in  the  anaesthetized  cat 


between  UH-AH  37  and  pirenzepine  is  the  approxi¬ 
mately  tenfold  higher  affinity  for  ileal  than  for  atrial 
muscarinic  receptors'^. 

The  corresponding  pA2  values  are  8.23  and  7.09, 
respectively  (see  Fig.  7).  The  pA2  value  for  methachol¬ 
ine  induced  contraction  of  guinea-pig  tracheal  smooth 
muscle  IS  7.93.  Recently,  UH-AH  37  has  been  separated 
into  its  enantiomers’^.  It  has  been  shown  that  the  (-(-) 
enantiomer  (UH-AH  371)  is  approximately  50-100 
times  more  active  than  the  (-)  enantiomer.  The  selectiv¬ 
ity  profile  of  the  active  (-1-)  enantiomer  is  similar  to  that 
of  UH-AH  37.  It  should  be  stated  that  the  selectivity 
profile  of  UH-AH  371  does  not  fit  into  the  concept  that 
M3  receptors  are  the  functional  receptors  responsible 
for  contraction  of  ileal  smooth  muscle'-.  The  selectivity 
profile  of  UH-AH  37  (racemate)  and  its  active  enan¬ 
tiomer  is  Msm  =  Ml  >  M3,  M2. 

Compounds  that  possess  a  high  affinity  for  M] 
receptors  as  well  as  for  those  present  in  smooth  muscle 
could  be  of  use  in  the  treatment  of  chronic  obstructive 
lung  disease.  There  are  strong  indications  that  Mi 
receptors  in  the  airways  are  involved  in  the  regulation 
of  airway  smooth  muscle  tone'''.  Therefore.  Mr  and 


TABLE  I  Potency  and  selectivity  of  AF-DX  116.  AF-DX  384  and  AQ-RA  741  for  muscarinic  receptors  in  vitro  and  in  vivo 


In  vitro 


In  vivo 


Compound  receptor  binding  pKi  functional  pAj  -log  E050  (mol/kg) 

cortex  heart  gland  heart  ileum  sympathetic  heart>>  salivary 
(M|)  (Mj)  (M3)  ganglia^  (M2)  gla.nds° 

(Ml)  (M3) 


AF-DX  116 

63 

7  1 

57 

69 

62 

56 

64 

5.0 

AF-DX  384 

75 

8,2 

70 

86 

76 

59 

74 

6.0 

AQ-RA  741 

77 

8.3 

69 

65 

66 

56 

72 

<5  0 

f  Inhibition  of  McN-A-343-induced  piessor  response  111  pithed  rat,  inhibition  of  bradycardia  due  to  vagal  stimulation  in  pithed  rat, 
'inhibition  of  pilocarpine-induced  salivation  in  anaesthetized  rat. 
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Msn,-  selective  compounds  may  be  potent  and  selective 
bronchospasmolytics.  To  test  this  hypotliesis  we  car¬ 
ried  out  functional  studies  in  anaesthetized  guinea-pigs 
and  rabbits. 

In  the  guinea-pig  acetylcholine  was  administered  (50 
Hg  i.v.  and  i.a.)  to  evoke  bradycardia  and  an  increase  in 
airway  resistance.  Approximately  tenfold  lower  doses 
of  UH-AH  371  were  required  to  inhibit  the  agonist 
response  of  the  airways  (ED50  =  54  pg/kg  i.v.)  than  that 
on  heart  rate.  Additionally,  experiments  were  per¬ 
formed  in  rabbits,  where  bradycardia  and  bronchocon- 
striction  were  elicited  by  stimulation  of  the  right  vagus. 
The  ED50  of  UH-AH  371  in  antagonizing  the  vagally 
induced  increase  in  airway  resistance  was  7.0  p^g, 
whereas  the  ED50  for  the  bradycardic  response  was 
inhibited  with  466  pg/kg.  Therefore,  UH-AH  371 
showed  a  striking  brcnchospasmolytic  selectivity. 

Conclusions 

Tricyclic  compounds  play  an  important  role  in  the 
identification  and  subdassification  of  muscarinic  recep¬ 
tors.  The  real  breakthrough  leading  to  general  accep¬ 
tance  of  muscarinic  receptor  heterogeneity  was  accom¬ 
plished  with  the  Mi-selective  drug  pirenzepine.  This 
concept  of  muscarinic  receptor  subtypes  was  further 
strengthened  by  the  discovery  of  the  Ma-selective 
compound  AF-DX  116,  an  antagonist  that  provided 
clear-cut  evidence  for  differences  between  cardiac  and 
glandular  muscarinic  receptors.  In  subsequent  struc¬ 
ture-activity  studies  an  analog  of  AF-DX  116,  AQ-RA 
741  was  found  which  proved  to  be  one  of  the  most 
potent  M2  antagonists  known  so  far.  Moreover,  its 
selectivity  profile  is  comparable  to  that  of  methoctram 
ine. 

Recently,  a  novel  Mpselective  compound  UH-AH  37 
has  been  discovered  which  showed  differences  from 
pirenzepine  in  functional  studies.  UH-AH  37  exhibits 
significantly  higher  affinity  for  ileal  than  for  atrial 
muscarinic  receptors. 

On  the  basis  of  our  present  knowledge,,  we  think  that 


receptor  selectivity  of  tricyclic  muscarinic  antagonists  is 
stron  j'y  related  to  stereochemical  features.  Analyses  of 
structure-activity  and  structure-selectivity  relation¬ 
ships  of  a  large  number  of  pirenzepine  and  AF-DX  116 
analogs  suggest  that  it  is  the  nature  of  the  side-chain 
and  the  spatial  placement  of  the  basic  nitrogen  atom  in 
relation  to  the  tricyclic  backbone  that  determine  the 
differences  in  receptor  subtype  recognition.  This 
hypothesis  however  has  to  be  further  substantiated 
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Poiymethylene  tetraamines  as  muscarinic 
receptor  probes 

Carlo  Melchiorre,  Anna  Minarini,  Piero  Angeli*,  Dario  Giardina*, 

Ugo  Gulini*  and  Wilma  Quaglia* 

The  possibility  that  poiymethylene  tctraammes  act  as  divalent  liganiis  has  been  explored.  Structure-activity 
relationship  studies  among  poiymethylene  tetraamines  have  shoum  that  four  nitrogens  are  necessary  for  high 
affinity  binding  to  Mz  receptors  while  being  less  important  for  muscarinic  receptors.  Replacement  of  one 
terminal  methoxybenzyl  group  of  the  potent  and  selective  muscarinic  antagonist  methoctramine  by  different 
moieties  led  to  weaker  antagonists  suggesting  that  the  two  terminal  nitrogens  of  methoctramine  interact  loith 
txvo  similar  receptor  sites  Data  are  presented  which  suggest  that  methoctramine  might  interact  with  four 
acidic  residues  df  the  receptor:  two  residues  are  buried  in  the  third  transmembrane  segment  whereas  the  otheis 
are  located  extraccllularly  on  the  loop  4-5  which  may  represent  the  allosteric  site  where  several  antagonists 
such  as  gallamine  hind.  An  hypothetical  model  describing  the  interaction  of  methoctramine  with  the  Mt 
receptor  is  proposed.  It  may  provide  a  useful  working  hypothesis  for  the  design  of  neio  selective  muscarinic 
ligands. 


The  existence  of  multipie  muscarinic  receptors  has  been 
established  by  functional,  binding  and  molecular  bio¬ 
logical  studies'.  At  present,,  muscarinic  receptors  are 
classified  into  at  least  three  pharmacologically  well 
defined  subtypes^;  Mj,  M2  and  M3  (see  p.  Vll).  Mi 
receptors  have  high  affinity  for  pirenzepine^  and  are 
mainly  located  in  the  central  nervous  system  and 
peripheral  ganglia.  M2  receptors  are  found  in  cardiac 
cells  and  are  characterized  by  a  high  affinity  toward 
methoctramine'''®,,  AF-DX  116*,  gallamine'’,  and  him- 
bacine®.  M3  receptors  are  those  in  smooth  muscles  and 
exocrine  glands  and  which  display  a  high  affinity  for 
4-DAMP^,  he,xahydro-sila-difcnidol  and  related  com¬ 
pounds'®'  ’ ' .  Both  M2  and  M3  muscarinic  receptor  types 
show  low  affinity  to  pirenzepine'^. 

Recent  cloning  studies  ha\’e  confirmed  the  hetero¬ 
geneity  of  muscarinic  receptors  from  different  spe¬ 
cies'®-"’.  Five  different  muscarinic  receptor  proteins 
(ml-in5)  have  been  cloned  which  means  that  two 
receptor  types  (m4  and  m5)  are  not  characterized  yet 
from  a  pharmacological  point  of  view.  Despite  the 
impressive  results  obtained  by  molecular  biology  stud¬ 
ies,  much  remains  to  be  learned  of  the  relationship 
between  the  acetylcholine  binding  site  and  the  func¬ 
tional  machinery  of  muscarinic  receptors,  and  only 
little  is  known  of  the  topography  of  the  acetylcholine  or 
antagonist  binding  sites.  The  latter  relationship 
assumes  increased  importance  if  one  considers  that 
agonists  and  antagonists  may  occupy  different  'oinding 
Sites'®  '®.  As  part  of  our  attempts  to  characterize 
muscarinic  receptor  subtypes  and  to  elucidate  the 
mode  of  binding  of  antagonists,  wo  have  developed  a 
scries  of  potent  and  selective  muscarinic  antagonists 
(the  prototype  of  which  is  methoctramine.  Fig.  I).  Here 
we  summarize  an  approach  we  have  employed  in  the 
design  of  mctboctra'nine -."Lttcd  antuviuSv.,ui<iiv 
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Sciences,  University  of  Camerino,  62032  Cainerino  (MC),  Italy 


ligands  in  order  to  verify  whether  poiymethylene 
tetraamines  act  as  divalent  ligands  interacting  with  two 
vicinal  binding  sites 

Divalent  ligand  approach 

The  possibility  that  poiymethylene  tetraamines 
behave  as  divalent  ligands,  which  can  be  defined  as 
molecules  that  incorporate  two  discrete  pharmaco¬ 
phores  linked  through  a  spacer,,  derives  from  their 
evident  symmetry  (Fig.  1).  This  may  indicate  that  the 
two  l,(u-alkanediamine  moieties  (pharmacophore  a)  oi 
simply  the  two  terminal  N-substituted  groups  (phar¬ 
macophore  b)  of  methoctramine  (Fig.  1:  ii  =  6,  m  =  8) 
could  recognize  two  similar  if  not  identical  sites.  The 
length  of  the  spacer  could  be  responsible  for  the 
selectivity  by  allowing  bridging  in  one  receptor 
subtype,  but  not  in  another,  as  schematically  shown  m 
Fig.  2.  In  the  light  of  this  it  is  noteworthy  that 
polyvalent  ligands  have  been  of  value  in  probing  the 
interbinding  site  distances  at  pharmacological  recep¬ 
tors  A  clas.sical  example  of  such  ligands  is  represented 


(CHjIni 


Pharmacophofo  b 


Pharmacophore  a 


Fig  1  Chemical  structure  of  poiymethylene  tetraamines,  the 
prototype  of  which  is  methoctramine  In  =  6  m  =  Bi  Cirrtne 
indicate  that  6-(2-methoxy)benzyl-1,6-hexanectiamine  (a)  and 
2-methoxybenzylamine  (b)  are  possible  pharmacophores  of 
tetraamines  considered  as  divalent  ligands  In  a  divalent 
ligand  two  molecules  of  a  pharmacophore  are  linked  via  a 
spanning  chain 
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Fig  2  Possible  mechanisms  of  interaction  ol  a  divalent  ligand 
v.iith  a  pharmacological  receptor  The  squares  represent  the 
pharmacophore  whereas  the  shaded  areas  indicate  the 
receptor  with  its  binding  sites  (a)  The  length  of  the  spacer 
permits  the  divalent  ligand  to  occupy  two  vicinal  sites  which 
are  identical  or  homologous  (b)  The  length  of  the  spacer  does 
not  allow  the  divalent  ligand  to  bridge  two  sites,  only 
monovalent  binding  will  occur  (c)  Provided  that  spacer  length 
allows  interaction,  the  divalent  ligand  may  occupy  a  recogni¬ 
tion  receptor  site  and,  with  the  second  pharmacophore,  a 
neighboring  accessory  site  which  is  unique  lor  that  receptor 


by  the  bis-onium  cliolinergic  blocking  agents^®.  More 
recently,  the  divalent  ligand  approach  has  been  used 
successfully  to  probe  opiate  receptor  subtypes^'-^-*. 

The  selev'ivity  of  a  divalent  ligand  can,  in  principle, 
be  ascribed  to  two  mechanisms^'*.  A  first  mode  of 
interaction  is  possible  when  the  length  of  the  spacer  is 
long  enough  to  allow  both  pharmacophores  to  occupy 
two  similar  if  not  identical  vicinal  receptor  sites  (Fig.  2a) 
whereas  the  other  possible  mechanism  involves  the 
bridging  of  a  receptor  site  and  a  neighboring  accessory 
site  (Fig.  2c).  Although  the  additional  binding  energy  to 
an  accessory  site  might  be  lower  than  that  to  a 
recognition  receptor  site,  it  can,  nevertheless,  contri¬ 
bute  to  the  selectivity  of  a  divalent  ligand. 

Design  strategy 

Polymethylene  tetraamines  were  first  developed  as 
a-adrenoreceptor  antagonists  (the  prototype  of  which 
is  benextramine)-^.  However,  the  significant  antimus- 
carinic  activity  displayed  by  benextramine  stimulated 
our  interest  in  defining  the  structural  requirements 
which  would  have  enhanced  antimuscarinic  potency 
while  having  no  or  lov/  affinity  for  «-adrenoreceptors. 
It  oon  became  apparent  that  the  disulfide  bridge 
of  benextramine  is  of  paramount  importance  for 
a-i' drenoreceptor  inhibition  whereas  it  is  absolutely 
un  recessary  for  antimuscarinic  potency  since  its 
ref  lacement  by  two  methylenes  yielded  a  compound 
wh  ch  retained  aifiniiy  tor  muscarinic  receptors  but  iosi 
a-adrenoreceptor  blocking  properties^-^^.  Thus,  poly¬ 
methylene  tetraamines  lacking  the  disulfide  moiety 
were  the  starting  point  in  the  design  of  new  antimus¬ 
carinic  agents.  Three  types  of  structural  modifications 
were  performed  on  benextramine  in  order  to  determine 


which  features  contribute  to  affinity  and  whether  some 
of  these  factors  could  be  manipulated  to  create  selec¬ 
tivity  at  muscaiinic  receptor  subtypes-**'-®: 

1.  Variation  in  the  length  of  the  carbon  chain 
separating  inner  from  outer  nitrogens  as  well  as  inner 
nitrogens; 

2.  Incorporation  of  substituents  on  the  four  ni¬ 
trogens; 

3  Variation  in  the  number  of  basic  nitrogens. 


Structure-activit .  -elationships 

T'le  carbon  c  ,  'i  length  separating  the  four  ni¬ 
trogens  of  polymeihylene  tetraamines  proved  to  play  a 
crucial  role  m  both  affinity  and  selectivity  toward  M2 
but  not  M3  muscarinic  receptor  subtypes  (Fig.  3).  It  is 
evident  that  all  tetraamines  studied  were  at  least  one 
Older  of  magnitude  more  potent  in  the  atrium  than  in 
ileum,  which  clearly  indicates  that  the  carbon  chain 
length  has  a  divergent  effect  at  M2  and  M3  muscarinic 
receptors.  The  result  was  that  potency  m  the  atrium 
(M2)  has  a  definite  peak  for  methoctramine,  which 
bears  an  eight-carbon  chain  (m)  between  the  inner 
nitrogens  and  a  six-carbon  chain  (11)  separating  the 
inner  from  the  outer  nitrogens  whereas  the  affinities  of 
methoctramine  and  of  its  homologs  in  the  ileum  (M3) 
not  only  were  lower  than  that  in  the  atnum  but  also  did 
not  differ  significantly  from  each  other  The  conclusion 
IS  that  optimum  affinity  at  M2  receptors  depends  on  the 
number  of  methylenes  whereas  at  M3  receptors  the 
antimuscarinic  potency  of  tetraamines  is  not  related  to 
that  distance. 

In  attempting  to  answer  the  question  of  whether  a 
tetraamine  moiety  or  a  l,u>-alkanediamine  or  simply  a 
N,.M-disubstituted  amine  might  be  the  pharmacophore. 


Fig.  3.  Relationship  between  muscarinic  antagonist  potency 
and  the  carbon  chain  length  in  polymathylene  tetraamines  in 
guinea-pig  paced  left  atrium  (•)  and  guinea-pig  and  rat  ileum 
(a),  (a),  n  =  6,  m  =  5-14,  (b)  n  =  5-7,  m  =  8  (Data  taFer  from 
Refs  28  and  29  ) 


Subtypes  of  muscantuc  receptors  IV 


57 


TABLE  I  Affinity  constants  for  unsymmetncal  amines  (incor¬ 
porating  one,  two  or  three  fewer  nitrogens  than  methoctram- 
inc)  for  muscarinic  receptors  in  guinea-pig  left  atrium  (M2)  and 

Ileum  (M3) 

CH2NH(CH2)5X 
0CH3 


X  pA2  MjrMa 

- selectivity 

atrium  ileum  ratio 


Methoctramine 

7 

97 

±005  592±0 

04 

112 

•H  HCI 

5 

12 

±  0.05®  <5^ 

>1 

-NH2  2HCI 

5 

14 

±0  09=  5  0±0 

14= 

1 

-NHCH3  2HCI 

5 

40 

±  0  05®  <5^ 

>3 

-NH(CH2)3CH3  2HCI 

5 

48 

±  0  06  <5<' 

>3 

-NHICHalaNHa  3HCI 

6 

16 

±0.04  5  28  +  0 

06 

8 

-NHfCHjfgNHCHa  3HCI 

6 

70 

±  0  06  5  83  +  0 

04 

7 

Experiments  were  performed  as  described  in  Ref  29  PA2 
values  ±  s  e  were  calculated  from  Schild  plots,  constrained  to 
slope  -1  0  It  was  always  verified  that  the  experimental  data 
generated  a  line  vrhose  derived  slope  was  not  significantly 
different  from  unity  (p  >  0,05)  Dose-ratio  values  were 
calculated  at  three  different  antagonist  concentrations,  and 
each  concentration  was  tested  at  least  five  times  Parallelism 
of  dose-response  curves  was  checked  by  linear  regression, 
and  the  slopes  were  tested  for  significance  (p  <  0  05)  The 
M2  M3  selectivity  ratio  is  the  antilog  of  the  difference  between 
the  PA2  values  at  atrial  and  ileal  muscarinic  receptors, 
respectively  Carbachol  was  the  agonist  used 
^  pKt,  value  derived  from  a  single  concentration  » Inactive  up 
to  a  concentration  of  10  um 


It  became  essential  to  verify  the  importance  of  the  four 
basic  nitrogens  on  activity  among  the  polymethylene 
tetraamine  class  of  antimuscarinic  agents.  Unsymmet- 
rical  analogues  of  methoctramine  incorporating  one, 
two  or  three  fewer  nitrogens  were  therefore  synthe¬ 
sized  and,  as  can  be  seen  in  Table  I,  sharp  decreases  in 
M2  muscarinic  blocking  activity  were  observed  after 
removal  of  either  one  or  two  nitrogens.  The  mono¬ 
amine  (X  =  H;  Table  1)  is  as  active  as  diamines  |X  = 
NH2,  NHCH3,  NH(CH2)3CH3;  Table  I],  which  indicates 
that  the  second  nitrogen  apparently  does  not  contri¬ 
bute  significantly  either  to  affinity  or  to  selechvity. 
However,  the  most  striking  result  was  the  finding  that 
monoamine  and  diamines  are  not  only  almost  three 
orders  of  magnitude  less  potent  than  methoctramine  at 
M2  receptors  but  also  incapable  of  discriminating 
between  M2  and  M3  muscarinic  receptor  types.  The 
triamines  [X  =  NH(CH2)8NH2,  NH(CH2)8NHCH3; 
Table  I]  are  significantly  more  potent  at  M2  than  at  M3 
receptors  although  to  a  lesser  extent  than  methoc¬ 
tramine. 

In  order  to  investigate  further  the  role  of  basic 
nitrogens,  we  replaced  alternatively  inner  and  outer 
nitrogens  with  ether  and/or  amide  functions.  The 
results  assembled  in  Table  II  clearly  indicate  that  four 
amine  functions  are  required  for  optimum  activity  a!  M2 
muscarinic  receptors. 


Finally,  in  order  to  define  the  structural  requirements 
of  the  binding  sites  where  the  two  terminal  nitrogens  of 
methoctramine  interact,  it  was  necessary  to  prepare 
unsymmetrical  tetraamines  in  which  one  of  the  two 
2-methoxybenzyl  groups  was  replaced  by  other  moi¬ 
eties.  Table  III  clearly  shows  that  optimum  activity  at 
M2  muscarinic  receptors  is  retained  by  methoctramine 
which  bears  a  2-methoxybenzyl  group  on  both  terminal 
nitrogens.  In  fact,  replacement  of  even  one  2-methoxy 
function  by  a  hydrogen  caused  a  definite,  albeit  modest 
decrease  in  potency.  Replacement  of  the  second 
2-methoxy  function  by  another  hydrogen  atom  yield¬ 
ing  a  symmetrical  tetraamine,  the  benzyl  analogue  of 
methoctramine  (not  shownl^**,  resulted  m  a  further 
decrease  in  M2  muscarinic  blocking  activity.  A  similar 
effect  was  observed  by  replacing  the  2-metboxybenzyl 
group  with  a  methyl  or  a  hydrogen  (Table  III).  These 
results  indicate  that  the  binding  sites,  where  the 
terminal  nitrogens  of  methoctramine  interact,  may 
have  similar  if  not  identical  structural  requirements. 

Mode  and  site  of  action 

The  results  obtained  so  far  with  methoctramine 
clearly  indicate  that  we  arc  faced  with  the  most 
selective  M2  muscarinic  antagonist  available  today  and 
point  to  a  dual  mode  of  interaction  with  the  M2 
muscarinic  receptor  (for  reviews,  see  Refs  4,  5  and  30); 
competitive  at  k-w  concentration  (s  1  pM)  and  allosteric 
at  high  concentrations  (>  1  pM).  This  derives  from  the 
observation  that,  in  contrast  with  funchonal  experi¬ 
ments  in  paced  left  atria  where  a  competitive  mechan¬ 
ism  of  inhibition  of  M2  receptors  by  methoctramine  has 
always  been  found’',  high  concentrations  (>  1  )iM)  of 
methoctramine  markedly  influenced  the  dissociation  of 
(’H]NMS’2  and  [’HJdexetimidc’’  from  cardiac  mem¬ 
branes,  in  agreement  with  a  noncompetitive  mode  of 
action.  It  should  be  noted,  however,  that  methoctrain- 
ine  displays  such  noncompetitive  behavior  at  a  concen¬ 
tration  100-fold  higher  than  its  affinity  constant  at  M2 
receptors.  Very  recently,  another  cardioselective  antag¬ 
onist,  AF-DX  116,  has  been  shown  to  exhibit  allostenc 


TABLE  II  Affinity  values  for  diamines  related  to  methoctramine 
tor  muscarinic  receptors  in  guinea-pig  left  atrium  (M2)  and 
ileum  (M3) 


^Q^CH2NH-X-(CH2),-Y-{CH2)4-]2 

OCH, 


X 

Y 

pAa 

MjiMj 

selectivity 

ratio 

atrium 

Ileum 

CHj 

CHaNHn 

7  97  ±  0  05 

5  92  ±  0  04 

112 

CHj 

COI'JH‘> 

630±0.10 

5.35  +  014= 

9 

CO 

6  5/10.02 

6  52  ±0,15 

1 

CHg 

CHzOo 

<5® 

<50 

— 

For  experimental  details,  see  legend  to  Table  1. 
a  Methoctramine  “  Obtained  as  dioxalate  salt  =  pKa  value 
derived  from  a  single  concentration  u  Obtained  as  dihydio- 
chloride  salt.  ®  Inactive  up  to  a  concentration  of  10  pix. 
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TABLE  III  Affinity  values  for  unsymmelrical  telraamines 
related  to  methoctramine  for  muscarinic  receptors  in  guinea- 
pig  left  atrium  (M^)  and  ileum  (Ms) 


Q^CH;NH(CH^)sNH(CH2)eNH(CH;)6NHR  •  4HCI 
OCH3 


R 

pAa 

MaiMa 

■  selectivity 
ratio 

atrium 

ileum 

a-CHsO-benzyh 

7  97  ±  0  05 

5  92  +  0.04 

112 

Benzyl 

756  +  003 

582  +  005 

55 

CH3 

7  37  +  0.07 

5.62  +  008 

56 

H 

7.08  ±  0  06 

5  71  +006 

23 

For  experimental  details,  see  legend  to  Table  I 
a  Meltioctramine. 


antagonism,  behaving  like  gallamine  and  methocfram- 
ine  in  slowing  the  dissociation  of  [^HJdexetimide  from 
cardiac  muscarinic  receptors^.  These  findings  are  not 
surprising  if  one  considers  that  the  cardiac  muscarinic 
receptor  bears  an  allosteric  site  at  which  several 
compounds  bind.  This  has  been  observed  with  gallam- 
ine^,  hemtcholinium^,  alkane-bis-ammonium  com- 
pounds^^'^,  Ca-+  antagonists^^  and  antiarrhythmics^ 

Whatever  the  interaction  mechanism  of  inethoctram- 
ine  may  be  at  high  concentrations,  it  has  been  demon¬ 
strated  that  in  the  range  10-1000  nM  it  is  a  competitive 
antagonist  in  both  functional  and  binding  stuaies'*-®. 
Furthermore,  the  high  affinity  of  methoctramine  in 
binding  to  rat  and  bovine  cardiac  membranes  parallels 
the  affinity  found  in  functional  assays  with  cardiac 
preparations^.  Moreover,  binding  results  correlate  with 
functional  in-vwo  studies  where  methoctramine  discri¬ 
minates  markedly  between  cardiac  M2  and  ganglionic 
M]  muscarinic  receptors  in  the  pithed  rat^^-a^. 

A  second  very  interesting  aspect  concerning  poly¬ 
methylene  tetraamines  relates  to  their  possible  site  of 
action.  The  finding  that  four  basic  nitrogens  are 
required  for  optimum  activity  (Tables  I  and  II)  strongly 
suggests  that  methoctramine  interacts  with  four 
nucleophiles  located  on  the  receptor.  Furthermore,  the 
observation  that  m  the  symmetrica!  polymethylenc- 
tetraamines,  where  the  bridging  carbon  chain  length 
between  two  molecules  of  the  monovalent  ligand 
6-(2-methoxy)benzyl-l,6-hexanediamine  was  changed 
from  5  to  14  methylenes  (Fig.  3),  affinity  for  Mp 
receptors  varied  significantly  with  the  spacer  length 
and  a  definite  peak  of  activity  was  observed  at  8 
methylenes  clearly  suaeesls  that  tetraamines  mav 
interact  with  two  sites  ?'  er.  appropriate  distance  from 
each  other.  Most  meehanistic  formulations  assume  that 
the  primary  event  in  drug-muscannic  receptor  interac¬ 
tion  involves  the  cationic  head  group  of  the  drug  (the 
quaternary  ammonium  or  protonated  amine  moiety) 
and  an  anionic  group  on  the  receptor  presumably 


provided  by  an  aspartate  or  a  glutamate  residue.  An 
analysis  of  the  primary  structure  of  cloned  muscarinic 
receptors’^'^  reveals  that  only  five  aadic  residues  are 
conserved  among  the  amino  acid  sequences  of  the 
different  receptors,  aspartates  69,  97,,  103  and  120  and 
glutamate  382  (porcine  m2  sequence  numbering)*'. 
Since  glutamate  382  is  intraccllularly  located,  the  four 
aspartate  residues  are  prime  candidates  for  the  site  of 
interaction  by  muscarinic  ligands,  both  agonists  and 
antagonists.  Curtis  et  «/.'*  and  Hulme  ct  al  reported 
recently  that  [^Hlpropylbenzylcholine  mustard  alkyl¬ 
ates  two  carboxylate  groups,  which  were  shown  by  the 
peptide  mapping  technique  to  reside  within  the  third 
Iransmembrane  segment.  On  the  basis  of  site-directed 
mutagenesis  studies,  the  hypothesis  was  advanced 
that  aspartate  113  of  the  (5-adrenergic  receptor  (con¬ 
served  as  aspartate  103  in  m2  receptors)  is  part  of  the 
ligand  binding  site***'".  Considering  the  analogy 
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Fig  a  Schematic  representation  of  the  interaction  between 
polymethylene  tetraamines  and  Mp  mvscarinic  receptors  The 
receptor  is  illustrated  with  its  seven  transmembrane  segments 
(shaded  rectangles)  connected  to  each  other  by  intra-  (l~2, 
3-4  and  5-6)  and  extracellular  (2-3,  4  -5  and  6-7)  loops  (solid 
lines)  The  acidic  residues,  aspartates  69  97,  103  and  120  in 
transmembrane  domains  II  and  III,  and  aspartate  173  and 
glutamates  1 72  and  1 75  in  the  extracellular  loop  4-5.  are 
indicated  byQ  to  denote  theu  anionic  nature  Methoctramine 
IS  represented  with  a  bold  line  connecting  tout  positive 
charges  (the  four  basic  nitrogens)  and  ending  with  Ar 
(2-methoxybenzyl  groups)  The  primary  event  of  tha  interac¬ 
tion  might  take  place  between  a  terminal  nitrogen  of  methoc¬ 
tramine  and  glutamate  175  and  aspartate  173  (or  glutamate 
172)  on  the  extracellular  loop  4-5  This  binding  would  be 
reinforced  by  the  interactior  of  Ar  with  an  appropriate  area 
(broken  crcle)  and  would  causa  tw  k,?,/  eC?  '-c"'-; — rt.-rrs' 
Change,  the  penetration  of  methoctramine  into  the  third 
transmembrane  domain  of  the  receptor  followed  by  the 
interaction  with  aspartates  97  and  103  This  hypothetical  mode 
of  action  does  not  apply  to  other  muscarinic  receptor  subtypes 
because  aspartate  1 73  and  glutamates  172  and  1 75  are  not 
conserved  thus  giving  a  possible  explanation  for  the  selective 
binding  of  methoctramine 
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between  (?-adrenergic  and  inuscaunic  receptors,  a 
innilar  role  for  the  corresponding  aspartate  of  miis- 
caunic  receptors  in  i-'inding  the  positively  charged 
amiiic  g'onp  cf  the  muscarinic  ligands  has  been 
propL'  .'d'  Thus,  it  appears  that  several  aspartat'' 
residues  might  be  involved  in  binding  muscarinic 
ligands. 

Although  data  on  the  protonation  of  the  four 
nitrogens  of  methoctramipe  in  physiological  salt  solu¬ 
tion  are  not  available  yet,,  we  have  proposed^  that  .ae 
four  positively  charged  nitrogens  of  methoctramine 
interact  wi.h  the  fouf  aspartate  residues  located  in  the 
second  and  third  transmembrane  segments  The 
importance  of  positively  charged  nitrogens  of  methoc- 
tramine  has  been  confirmed  by  the  low  activity  show., 
by  compounds  obtained  by  replacing  an  amine  func¬ 
tion  with  an  amide  or  an  ether  moiety  (Table  11). 
Although  in  agreement  w'th  the  previously  propojed 
topographical  model^,,  present  results  car  be  rational¬ 
ized  by  admitting  that  methottramine  may  interact 
differently  with  the  receptor.  In  fact,  the  amino  acid 
sequence  of  m2  muscarinic  receptors  incorporates  three 
acidic  residues  in  the  loop  4-5,  aspartate  173  and 
glutamates  172  and  175,  which  are  not  conserved  in 
other  muscarinic  receptors  and  which  may  account  for 
selective  binding  of  certain  antagonists  such  as  methoc- 
tramine  if  one  considers  that  these  residues  are  easily 
accessible  since  they  are  located  m  the  extracellular 
space.  The  results  assembled  in  Table  i  support  this 
view  since  diamines  (X  =  NHj,  NHCHi  and 
NH(CH2)3CH3j,  that  is,  half  methoctramine,  are  weak 
antagonists  at  both  M2  and  M3  receptors,  suggesting 
that  the  high  affinity  of  tetraamines  for  M2  receptors  is 
the  result  of  an  additional  interaction  at  a  second  site,, 
which  IS  lacking  in  M3  receptors.  Figure  4  shows  an 
hypothetical  model  in  which  methoctramine  interacts 
with  aspartates  97  and  103  located  in  the  third  trans- 
membrane  segment.  A  further  interaction  with  aspar¬ 
tate  173  or  glutamate  172  and  glutamate  175  located  in 
the  loop  4-5  may  represent  its  interaction  with  the 
allosteric  site  where  antagonists  such  as  gallamine  also 
bind.  Thus,  in  this  model,  aspartates  69  and  120,  which 
are  buried  into  the  membrane,  are  possible  but  less 
likely  contenders  for  the  binding  of  methoctramine 
than  the  acidic  residues  located  in  the  loop  4-5.  This 
view  IS  in  agreement  with  the  peptide  mapping  studies 
and  the  general  belief  that  the  binding  site,,  which  may 
be  repre.sented  by  aspartate  103  in  analogy  with  the 
p-adrenergic  receptor'9'''i,  has  to  be  at  least  partly 
exposed  to  the  extracellular  side. 
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Pharmacology  of  hexahydro-difenidol, 
hexahydro-sila-difenidol  and  related  selective 
muscarinic  antagonists 

G.  Lambrecht,  R.  Feifel,  U.  Moser,  M.  Wagner-Roder, 
L.K.  Choo^  J.  Camus2,  M.  'T'astenoy^,  M.  Waelbroeck^, 
C.  Strohmann^,  R.  Tacke^,  J.F.  Rodrigues  de  Miranda^, 

J.  Christopher  and  E.  Mutschler 

A  series  of  hexahydro-difenidol  (HHD)  and  hexahydro-sila-difemdol  (HHSiD)  analogues  modified  in  the 
amino  group,  the  phenyl  ring  and  in  the  alkylene  chain  loere  investigated  for  their  binding  and  functional 
properties  at  muscarinic  Mi,,  M2  and  M3  receptors.  Novel  muscarinic  receptor  antagonists  were  obtained 
zohich  exhibited  different  receptor  selectivity  profiles  from  the  parent  compounds  HHD  and  HHSiD  (Mi  = 

Mj  >  M2),  e.g.  HHD  and  HHSiD  methiodides,  Mi  >  M2  -  M3;  p-fiiioro-HHSiD,  M3  >  M;  >  Mj; 
trans-hexbiitenol.  Mi  >  M3  >  M2;  and  (s)-p-fiuoro-hexbutinol,  M3  >  M2  —  M,.  Stereoselectivity  ratios 
KrWs)]  for  the  enantiomers  of  HHD,  hexbutinol  and  p-fiuoro-hexbutinol  were  highest  at  Mi,  intermediate 
at  M3  and  lowest  at  M2  receptors. 


! 


A  senes  of  structurally  related  carbon/siheon  analogues 
of  the  antiparkinsonian  drug  pridinol  were  investi¬ 
gated  for  their  binding  and  functional  properties  at 
muscarinic  receptor  subtypes  (Figs  1  and  2)'-*.  The 
binding  affinities  of  the  compounds  were  similar  to 
their  antimuscarinic  potencies  in  functional  exper¬ 
iments.  All  compounds  with  a  centre  of  chirality  were 
investigated  in  these  studies  as  racemates. 

Pndinol  exhibited  high  affinity  for  M,  receptors  in 
NB-OK  1  cells  whereas  its  affinities  for  M2  receptors  in 
rat  heart  and  M3  receptors  in  rat  stnatum  were  lower  by- 
factors  of  10  and  2.5,,  respectively  (Fig.  1).  Trihexy¬ 
phenidyl,  procyclidine  and  biperiden  showed  qualitat¬ 
ively  similar  selectivity  profiles  to  that  of  pridinol  (M,  > 
M3  >  M2),  but  the  affinities  of  trihexyphenidyl  and 
biperiden  for  Mj  over  M2  receptors  were  higher 
(25-fold)  than  those  of  pridinol  and  procyclidine  (10- 
fold).  Replacement  of  the  central  carbon  atom  by  a 
silicon  atom  in  these  compounds  had  only  moderate 
influence  on  affinity  and  selectivity.  In  contrast,,  the 
pyrrolidino  analogue  pyrrinol  was  a  weaker  antimus¬ 
carinic  agent  with  a  small  preference  for  Mi  and  M3 
over  M2  receptors  (=  3.5-fold).  Sila-substitution  of 
pyrrinol  increased  its  affinity  for  all  subtypes  up  to 
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13-fold,  the  increase  being  greatest  for  Mi  receptors. 
Thus,  sila-pyrrinol  showed  the  same  receptor  selec¬ 
tivity  profile  as  pridinol. 

Altering  the  chain  length  between  the  amino  group 
and  the  central  atom  'El'  from  two  to  three  methylene 
groups  in  trihexyphenidyl,,  procyclidine  and  their 
silicon  analogues  (Fig.  1)  changed  the  receptor  selec¬ 
tivity  profile  of  these  compounds.  Thus,  HHD,  homo- 
procyclidinc  and  their  silicon  analogues  exhibited 
similar  high  affinities  for  M,  receptors  in  rabbit  vas 
deferens  and  for  M3  receptors  in  guinea-pig  ileum, 
whereas  their  affinity  for  M2  receptors  in  guinea-pig 
atria  was  much  lower  (Fig.  2).  Like  pyrrinol  (Fig.  1), 
difenidol  and  homo-pyrrinol  were  weaker  antagonists 
than  their  silicon  analogues  (Fig.  2).  However,  the 
increase  in  antimuscarinic  potency  produced  by  sila- 
substitution  again  was  not  the  same  for  all  receptor 
subtypes  Thus,  sila-difenidol  and  homo-sila-pyrrinol 
showed  selectivity  profiles  different  from  their  carbon 
analogues  and  gave  a  better  differentiation  between  M2 
and  M3  receptors. 

Hexahydro-(sila-)difenidol  analogues 

Structural  modifications  of  HHD  and  HHSiD  mol¬ 
ecules  were  undertaken  in  a  search  for  M3-selective 
antagonists.  Changes  included  introduction  of  substi¬ 
tuents  in  the  phenyl  ring,  N-methylation  of  the  piperi¬ 
dine  ring  and  incorporation  of  a  double  or  a  triple  bond 
into  the  alkylene  chi.in  (Fig.  3).  Although,  in  both 
functional  and  binding  studies,,  the  racemic  parent 
compounds  HHD  and  HHSiD  showed  the  same  recep¬ 
tor  selectivity  profile  (Mj  =  M3  >  M2)  (Table  1), 

Qtriirhir;»l  tpciiUpH  in  Hiffprpnrp<;  m  fhpQp 

profiles.  As  all  these  analogues  possess  a  centre  of 
chirality,  the  affinities  of  the  individual  enantiomers  of 
HHD,  hexbutinol  and  p-fluoro-hevbutinol  were  also 
investigated. 
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Fig  1  Affinity  vafues  (pKJ  of  pK|vaii«, 


antagonists  (C/Si  pairs)  in  inhibit-  9 

mg  specific  [^HJNMS  binding  at 
muscarinic  M,  receptors  in 
human  NB-OK  t  celts  (U),  M2 
receptors  in  rat  heart  (0)  and  M3 
receptors  in  rat  pancreas  [(sila)t-  g 

rihexyphenidyf,  (sila-)procycii- 
dine,  (sifa)biperiden]  or  rat 
striatum  [(sita-)pridinol,  (sifa)py- 
rrinol]  (A)  Experiments  were 
performed  as  previousfy  de¬ 
scribed Competition  curves  ^ 

were  anaiysed  by  fitting  the  data 
to  a  one  binding  site  model 


9  . 

ho-ei-chj-ch2-R^ 

I 

R' 


Effect  of  substituents  in  the  phenyl  ring 
A  methoxy  substituent  in  the  ortho,  nieta  or  para 
position  or  a  ;i-chloro  substituent  in  the  phenyl  ring  of 
HHSiD  reduced  the  affinity  to  the  three  muscarinic 
receptor  subtj'pes  up  to  20-fold.  The  o-methoxy  and 
)»-methoxy  analogues  retained  qualitatively  the  same 
selectivity  profile  as  the  parent  compound  HHSiD  (Mi 
=  M3  >  M2),  but  the  p-methoxy  and  p-chloro  deriva¬ 
tives  showed  a  small  (2.5-fold)  preference  for  M3 
receptors,  which  was  more  pronounced  in  the  case  of 
the  p-fluoro  analogue,  p-fluoro-HHSiD  (Table  II).  This 
selectivity  (M3  >  Mj  >  M2)  is  due  to  the  fact  that  the 
p-fluoro  substituent  led  to  a  decrease  in  Mi  and  M2 


Fig  2  Antimuscarinic  potencies 
(pA2  values)  of  C/Si  pairs  al 
muscarinic  M,  receptors  in  rabbit 
vas  deferens  (■),  Mp  receptors  in 
guinea-pig  atria  (•)  and  M3 
receptors  in  guinea-pig  ileum 
(A)  Experiments  were  perlor- 
med  as  previously  described  ’-0 


HO-E1-CH2-CH2-CH2 

R’ 


1/ 


C  Si 

C  Si 

C  Si 

c  Si 

C  SI 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(S8*-}Pri«ir«i 

^S8ft-)Pyrtinol 

(Sil*-)Tr(- 

h«icyi>h*nMy1 

(Saa-)Pro- 

eycWiri* 

(Sil«-)Bi* 

ptfMan 

antimuscarinic  potency  with  minimal  influence  on  the 
affinity  for  M3  receptors  compared  to  HHSiD. 

In  contrast,,  the  affinity  profile  of  the  corresponding 
carbon  analogue  p-fluoro  HHD  was  similar  to  that  of 
the  parent  compound  HHD  (Table  1)  The  affinity 
values  (PA2)  of  p-fluoro-HHD  in  rabbit  vas  deferens 
(Ml),  guinea-pig  atria  (M2)  and  ileum  (M3)  were  7.6, 6.6 
and  7.9,  respectively.  Thus,  while  the  affinity  and 
selectivity  of  HHD  and  HHSiD  were  essentially  similar 
(Table  I),  those  of  the  two  p-fluoro  derivatives  were 
different. 

The  affinities  of  p-fluoro-HHSiD  were  also  deter¬ 
mined  using  ganglionic  (Mi),  atrial  (M2)  and  ileal  (M3) 


pAj  v»luts 


9-1 


El  C  St 

C  S) 

C  Si 

C  SI 

0 

0 

0 

0 

0 

0 

0 

0 
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Ho(nO'(aila-) 

pyrfinol 
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El  =  C,  SI 
Configuration 


Ring  substituents 


Quaterni2ation 

H0-EI-CH2-CH2-CH2\^~^ 


Doubie  bond 


Cis 


Trans 


Tripie  bond 

Fig  3.  Structural  modifications  of  hexahydro-di/enidol  (El  ■- C) 
and  hexahydro-sila-difenidol  (El  =  Si).  (»,  chiral  centre.) 


preparations  of  the  rat^  and  in  binding  studies  using 
homogenates  of  calf  superior  cervical  ganglia  (Mj).  As 
shown  in  Table  III,  the  affinity  values  of  p-fluoro- 
HHSiD  in  calf  ganglia  and  rat  atria  and  ileum  were 
similar  to  those  found  in  rabbit  vas  deferens  and 
guinea-pig  atna  and  ileum,  respectively  (Table  II). 
Although  the  pA2  value  at  M)  receptors  in  rat  superior 
cervical  ganglia  was  about  threefold  higher  than  that 
found  in  rabbit  vas  deferens,  overall  these  data  suggest 
tha^  the  receptor  selectivity  profile  of  p-fluoio-HHSiD 
and  that  of  the  parent  compound  HHSiD  are  speaes 
independent^. 

Effect  ofH-methylatiott 

HHD  and  HHSiD  methiodides  were  investigated  for 
their  binding  affinities  in  NB-OK  1  cells  (Mi),  rat  heart 
(Mj)  and  pancreas  (M3)  (Table  1)*.  Quaternization  of 
HHD  and  HHSiD  increased  the  affinity  for  Mi  and  M2 
receptors  up  to  20-fold,  this  increase  being  greatest  at 
cardiac  M2  receptors.  In  contrast,  the  affinity  of  HHD 
for  M3  receptors  in  pancreas  was  not  changed  by 
N-methylation,  and  that  of  HHSiD  was  inaeased  only 
2.5-fold.  Thus,  iV-methylation  of  the  tertiary  amines 
changed  the  receptor  selectivity  pattern  from  Mi  =  M3 
>  M2  to  Ml  >  M3  -  M2  for  the  two  methiodides. 


TABLE  I.  Affinity  values  frorr  binding  (pK,)  and  functional 
(PA2)  studies  of  hexahydro-difenidol  (HHD).  hexahydro- 
sila  difenidol  (HHSiD)  and  their  methiodides  HHD-*^  and 
HHS1D+  at  muscarinic  receptor  subtypes 


M|  M2  M3 


Drug 

pK\ 

pAj 

PK^ 

pAj 

pff, 

pAj 

HHD 

7.9 

7.8 

6.8 

67 

7.9 

80 

HHSiD 

7.9 

79 

68 

6.5 

78 

80 

HHD+K 

86 

8.1 

79 

HHSiO--’ 

88 

80 

82 

Binding  experiments  were  performed  in  NB-OK  1  cells 
(M,),  rat  heart  (Mj)  and  pancreas  (M3)  using  (^HJNMS  as 
radioligand'  pA2  values  were  determined  using  rabbit 
vas  deferens  (Mi),  guinea-pig  atria  (M2)  and  ileum 
(M3)'-3  '2,  ipAj  not  determined. 


Similar  results  were  obtained  with  p-fluoro-HHSiD 
and  its  methiodide  (Table  II).  N-methylation  of  the 
tertiary  amine  increased  the  affinity  for  Mi  receptors  in 
rabbit  vas  deferens  and  M2  receptors  in  guinea-pig  atria 
by  25-  and  50-fold,  respectively,  whereas  the  affinity  for 
M3  receptors  in  guinea-pig  ileum  was  not  affected,  thus 
abolishing  the  selectivity  between  M2  and  M2  receptors. 

Olefinic  analogues  of  hexahydro-difenidol 
HHD  is  a  flexible  molecule  and  little  is  known  about 
the  conformation  involved  in  its  interaction  with 
muscarinic  receptor  subtypes^.  Therefore,  conforma- 
tionally  restricted  olefinic  analogues  of  HHD  may  be  of 
value  in  investigating  the  stereochemical  requirements 
for  blockade  of  muscarinic  receptor  subtypes®.  Intro¬ 
duction  of  a  double  bond  into  the  HHD  molecule  (Fig. 
4)  with  substituents  in  trans  configuration  (fra«s-hex- 
butenol)  increased  the  affinity  for  Mi  and  M2  receptors 
by  factors  of  10  and  6.3,  respectively,  whereas  the 


TABLE  II  pA2  values  of  hexahydro-sila-difenidol  (HHSiD) 
and  phenyl  ring-substituted  analogues  for  muscarinic 
receptors 


PA2  values 

Drug 

M, 

M: 

M3 

HHSiD 

79 

65 

8.0 

o-CHaO-HHSiD 

68 

58 

67 

m-CFiaO-HHSiD 

67 

55 

67 

p-CHiO-HHSiD 

67 

56 

7  1 

p-CI-HHSiD 

67 

5.5 

71 

p-F-HHSiD 

6.7 

60 

78 

p-F-HHSiD  methiodide 

81 

77 

78 

Values  were  determined  as  indicated  in  Table  l^"’  '2 


affinity  for  M3  receptors  was  not  significantly  char  ,-J 
(Table  IV).  Thus,  frans-hexbutenol  showed  a  receptor 
selectivity  profile  (Mi  >  M3  >  M2)  different  from  that  of 
HHD  The  affinity  of  crs-hexbutcnol  was  lower  than 
that  of  the  /rmrs-isomer  for  the  three  subtypes,  indicat¬ 
ing  that  extended  rather  than  folded  conformahons  are 
more  important  for  the  interaction  of  HHD  with  the 
muscarinic  receptors. 

The  difference  in  affinity  of  cis-  and  fraii.s-hexbutenol 
was  highest  at  Mi  (50-fold),  intermediate  at  M2  (ten¬ 
fold)  and  lowest  at  M3  receptors  (fourfold),  resulting  in 
different  receptor  selectivity  profiles  for  the  two  iso¬ 
mers  (cis-hexbutenol,  M3  >  Mi  >  M2;  frans-hexbutenol. 
Ml  >  M3  >  M2). 


Acetylenic  analogues  of  hexahydro-difenidol  and 
effect  of  absolute  configuration 
Acetylenic  analogues  of  HHD,,  the  carbon  chain  of 

which  is  con.strained  to  be  linear  were  also  inveoligatod 

(Table  V;  Fig.  5). 

(r)-HHD  exhibited  high  affinity  for  Mi  receptors  in 
rabbit  vas  deferens  as  well  as  for  M3  receptors  in 
guinea-pig  ileum.  Its  affinity  for  M2  receptors  in 
guinea-pig  atria  was  lower  by  factors  of  50  and  25, 
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TABLE  III.  pKi  and  pAa  values  oi  hexahydro-sila-difenidol 
(HHSiD)  and  p-fluoro-hexahydro-sila-dilenidol  (p-F- 
HHSiD)  at  muscarinic  receptor  subtypes 


Calf 

Rat 

superior  superior 

cervical  cervical 

ganglia*  ganglla‘’ 

atria 

ileum 

Drug 

p/f,(M,)  pA2(M,) 

pAjfMj) 

pAjfMa) 

HHSiD 

7.6  7  5 

6.2 

7.8 

p-F-HHSiD 

69  7.2 

60 

7.9 

’Binding  experiments  were  performed  with  CSCG 
homogenates  using  (3HJ(+)-telenzepine  as  radio- 
ligand'3 

•■Antagonism  ol  muscarine-induced  depolarizations. 


respectively.  Introduction  of  a  triple  bond  into  (r)-HHD 
increased  the  affinity  for  and  M3  receptors  by  factors 
of  6  and  2.5,  respectively,  whereas  the  affinity  for  Mj 
receptors  was  not  significantly  changed.  Thus,  while 
(R)-hexbutinol  shows  a  receptor  selectivity  profile 
qualitatively  similar  to  that  of  (r)-HHD,  the  degree  of 
selectivity  for  Mi  and  M3  over  Mj  receptors  is  smaller 
than  that  of  (r)-HHD  (Table  V).  The  high  antimus- 
carinic  potency  of  (R)-hexbutinol  substantiates  the 
conclusion  that  extended  rather  than  folded  conforma¬ 
tions  of  HHD  interact  with  the  muscarinic  receptors. 

The  affinity  of  (R)-hexbutinol  for  the  three  muscarinic 
receptors  was  reduced  by  p-fluo.-o  substitution,  but 
(R)-p-fluoro-hexbutinol  showed  a  small  preference  for 
M3  over  Ml  receptors  (2.5-fold),  and  the  selectivity  for 
M3  over  M2  receptors  was  enhanced. 

In  general,  the  (s)-enantiomers  were  less  potent  than 
the  (R)-isomers.  However,  introduction  of  a  triple  bond 
into  the  HHD  molecule  as  well  as  p-fluoro  substitution 


Fig.  4  Chemical  structure  ot  cis-hexbutenol  (top)  and  trans- 
hexbutenol  (bottom). 


of  hexbutinol  had  different  effects  on  affinity  of  the 
(s)-isomers  in  comparison  with  the  (R)-enantiomers  at 
the  three  subtypes.  (s)-HHD  was  a  very  weak  mus¬ 
carinic  antagonist  showing  no  muscarinic  receptor 
selectivity.  Introduction  of  a  triple  bond  into  (s)-HHD 
inaeased  the  affinity  for  the  three  subtypes  up  to 
tenfold,  but  there  was  also  no  muscarinic  receptor 
selectivity. 

Comparison  of  (s)-hexbutinol  and  (s)-p-fluoro-hex- 
butmol  showed  that  the  p-fluoro  derivative  exhibited  a 
higher  affinity  for  M3  receptors,  whereas  its  antimus- 
carinic  potency  at  Mi  and  M2  receptors  was  the  same. 
Thu.s,  fluoro  substitution  in  the  para  position  of  the 
phenyl  ring  of  (s)-hexbutinol  enhanced  its  low  M3 
selectivity.  The  receptor  selectivity  profile  of  (s)-p- 
fluoro-hexbutinoi  (M3  >  M2  =  Mi)  is  different  from  that 
of  the  (R)-enantiomer  (M3  >  Mi  >  M2)  and  p-fluoro- 
HHSiD  (M3  >  M,  >  M2)  (Tables  II  and  III). 

As  far  as  stereoselectivity  is  concerned,  there  are  two 
noteworthy  findings  (Table  V).  First,  stereoselectivity 
at  the  three  muscannic  receptor  subtypes  is  greatest  for 


TABLE  IV  Comparison  of  the  affinities  (pA2  values)  of 
hexahydro-difenidol  and  of  cis-  and  (rans-hexbutenol  at 
muscarinic  receptors 


Stereo- 

pAz  values*  selectivity>> 


Drug  Ml  M2  M3  Mi  M2  Ms 


Hexahydro- 


difenidol 

7.8 

67 

80 

trans- 

Hexbutenol 

8.8 

75 

8.1 

c/s-Hexbutenol 

71 

65 

75 

■pAs  values  were  determined  as  indicated  in  Table  I. 
*>tran$/cis  ratios,  given  as  a  measure  of  stereoselectivity, 
were  calculated  from  the  antilogs  of  the  differences 
between  respective  pAs  values. 


HHD,  intermediate  for  hexbutinol  and  lowest  for 
p-fluoro-hexbutinol;  this  stereoselectivity  is  not  gener¬ 
ally  associated  with  high  affinity  of  the  more  potent 
isomer.  Second,  the  stereoselectivity  ratios  consistently 
show  the  same  order;  Mi  >  M3  >  M2.  This  implies  that 
the  stereochemical  requirements  of  the  muscarinic 
receptor  subtypes  are  different  for  the  enantiomers  of 
HHD,  hexbutinol  and  p-fluoro-hexbutinol,  being  most 
stringent  at  Mi  receptors.  Thus,  stereoselectivity  ratios 
can  be  used ;  uccessfully  as  a  parameter  to  characterize 
muscarinic  receptor  subtypes.  Similar  results  have 
been  obtained  with  the  enantiomers  of  telenzepine®, 
biperiden’®  and  tiiltexyphenidyl”. 

Conclusions 

The  affinity  and  selectivity  for  muscarinic  receptor 
subtypes  of  pridinol/sila-pridinol  and  HHD/HHSiD 
analogues  are  controlled  by:  the  nature  of  the  central 
atom  'ET  (carbon  or  silicon)  and  the  absolute  configura¬ 
tion  at  'El';  the  nature  of  the  ring  systems  bound  to  'El'; 
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TABLE  V.  pA2  values  and  stereoselectivity  ((R)/(S)1  ratios 
of  the  enantiomers  of  hexahydro-difenidol  (HHO),  hexbuti- 
nol  (HBN)  and  p-fluoro-hexbutinol  (p-F-HBN)  at  mus¬ 
carinic  receptors 


pAj  values* 

Stereo- 

selectlvlty>> 

Drug 

M, 

Mj 

M3 

M, 

M2 

M3 

(R) -HHD 

(S) -HHD 

8.7 

6.0 

7.0 

58 

84 

6.1 

501 

16 

200 

(R) -HBN 

(S) -HBN 

8.8 

6.8 

78 

6.8 

8.8 

7.1 

100 

10 

50 

(R)-p-F-HBN 

8.1 

7.0 

8.5 

(S)-p-F-HBN 

66 

6.8 

7.6 

•pAa  values  were  determined  as  indicated  in  Table  I. 
•■These  values  were  calculated  from  the  antilogs  of  the 
differences  between  the  respective  pAj  values 


R 


Fig.  5  Chemical  structure  of  hexahyciro-dilenidol  (HHD), 
hexbutinol  (HBN)  and  p-fluoro-hexbutinol  (p-F-HBN)  The 
asterisk  denctes  the  centre  cl  chirality. 


the  structure  of  the  amino  (ammonium)  group;  the 
nature  (length,  presence  of  multiple  bonds)  of  the 
carbon  chain  that  connects  'El'  and  the  amino  group; 
substituents  on  the  phenyl  ring. 

The  structural  and  spatial  requirements  for  binding 
antagonists  are  different  for  M],  Ma  and  M3  muscarinic 
receptors,  resulting  in  different  receptor  selectivity 
profiles  for  the  pridinol  and  HHD  derivatives.  It  is 
inteiesting  that  p-fluoro-HHSiD  and  (s)-p-fluoro-hex- 
butir.ol  are  Ms-selective  antagonists.  The  data  suggest 
that  muscarinic  receptor  subtypes  may  be  identified 
using  stereoselectivity  ratios  of  enantiomers  of  chiral 
antagonists  such  as  HHD,  hexbutinol  and  p-Huoro- 
hexbutinol. 
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Stereoselectivity  of  the  interaction  of  muscarinic 
antagonists  with  their  receptors 

Magali  Waelbroeck,  Michele  Tastenoy,  Jean  Camus,  Roland 
Feifel*,  Ernst  Mutschler*,  Carsten  Strohmann+,  Reinhold  Tacke+, 

Gunter  Lambrecht*  and  Jean  Christophe 

The  stereoselectivity  of  the  interaction  with  muscarinic  receptors  of  enantiomers  of  a  series  of  chiral 
antagonists  is  receptor  subtype  dependent.  There  is  no  overall  relationship  between  stereoselectivity  and 
receptor  affinity.  Depending  on  the  antagonist  studied,  receptor  stereoselectivity  may  indeed  reflect :  (1)  the 
wakening  oi  loss  of  a  sin^e  interaction  involving  one  of  the  four  groups  bound  to  the  asymmetric  carbon; 

(2)  steric  nindr.o'ce  preventing  optimum  interaction  of  the  low  affinity  stereoisomer  with  the  receptor;  andlor 

(3)  the  inversiof  oj  the  relative  positions  of  two  moieties  of  the  ligand  with  similar  structural  and  electronic 
vroperties  i.e.  comparable  affinities  for  the  txvo  corresponding  subsites  in  the  lereptor. 


Although  at  least  5  different  proteins  (termed  ml  to  m5) 
have  been  identified  as  muscarinic  receptor  subtypes 
(Ref.  1  and  references  therein),  only  three  of  them  can 
be  discriminated  to  date  in  binding  or  phaimacological 
studies^. 

The  following  muscarinic  receptor  subtypes  have 
been  characterized  : 

1.  Both  human  NB-OKl  neuroblastoma  cell  line 
receptors  (in  PHJNMS  binding  studies^)  and  presynap- 
tic  rabbit  vas  deferens  receptors  (activated  by  4-Cl- 
McNeil-A-343  in  pharmacological  studies'*)  show 
typical  'Ml'  properties,  comparable  to  the  binding 
properties  of  the  ml  receptor  protein. 

2.  Rat  heart  (C)  receptors  (in  [^HJNMS  binding 
studies®)  and  guinea-pig  atrial  receptors®  (in  pharmaco¬ 
logical  studies)  have  typical  'M2'  selectivity,  compar¬ 
able  to  the  binding  properties  of  the  m2  protein*. 

3.  Binding  sites  with  slow  [^HJNMS  dissociation  rate 
in  forebrain  ('B'  sites)®,  rat  pancreas  [®H]NMS-labelled 
binding  sites^,  and  guinea-pig  ileum  smooth  muscle 
receptors®  (functional  studies)  have  very  similar  speci¬ 
ficities.  The  binding  properties  of  forebrain  'B'  sites  and 
panaeas  sites  are  not  identical  (see  below).  It  is  quite 
possible  that  in  the  near  future  they  will  be  subdivided 
into  'M3'  and  'M,'  subtypes.  Since  their  binding 
properties  are  very  similar  to  the  binding  properties  of 
both  m3  and  ni4  proteins,  we  shall  hereafter  call  them 
'M3'  receptors. 

The  M1/M2/M3  nomenclature  we  adopted  in  this 
paper  is  that  adopted  for  this  symposium  (see  p.  VII). 

Why  should  we  study  receptor  stereoselectivity? 

The  antagonist  (and  agonist)  binding  sites  of  mus¬ 
carinic  receptors  are  asymmetrical®,  and  hence  gener¬ 
ally  capable  of  discriminating  optical  isomers  of  chiral 


drugs®  -'®.  Thus  analyses  of  binding  and/or  pharmaco¬ 
logical  properties  of  stereoisomers  provide  information 
about  binding  site  geometry. 

For  the  sake  of  simplicity,,  we  shall  hereafter  call 
'eutomer'  the  isomer  with  greater  affinity  for  receptors 
and  'distomer'  the  lower  affinity  isomer'^.  This  nomen¬ 
clature,  proposed  by  Lehmann*^  has  the  advantage  of 
classifying  drugs  on  the  basis  of  their  pharmacological 
and  binding  properties  rather  than  on  (somewhat 
arbitrary)  chemical  priority  rules.  The  ability  of  recep¬ 
tors  to  discriminate  between  eutomers  and  distomers  is 
manifest  in  their  affinity  ratios,  also  called  'eudism*^ 
ratio'*^.  The  logarithm  of  this  ratio  is  the  'eudismic 
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Fig.  I  The  eutomer-oK  values  of  telenrenmeie  inhpyy- 
phenidyl,  procyclidine,  and  bonzelimide  (dexetimide)'^, 
trihexyphenidyl  methiodide,  hexbutinol,  p-lluoro-hexbutinol, 
hexbulinol  rnethiodide,  hexahydro-diienidol,  tricyclamol,  oxy- 
phencyclimine,  QNB  and  its  methiodide  (unpublished  results) 
plotted  as  a  function  of  their  eudismic  index  for  M,  (•),  M?  (■) 
and  M3  (h)  receptors. 
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Fig  2  The  eutomer  pAp  values  of  trihexyphenidyl  and  its 
methiodide’o,  biperiden",  phenglulanmide’^,  hexbulinol. 
p-lluoro-hexbutinol,  hexbutinol  methiodide  and  hexahydro- 
difenidol(R.  Feifelet  al.,  unpublished  results),  procyclidineuei, 
tricyclamoR’,  and  QNB  methiodide'^' ^plotted  as  a  function  of 
Iheir  eudismic  index  for  M,  (•),  M?  (•)  and  M3  (a)  receptors 


index'’’  (measured  as  the  difference  between  eutomor 
and  distomer  pK,  or  pAj  values).  It  is  directly  propor¬ 
tional  to  the  difference  in  the  binding  free  energy  of  the 
two  stereoisomers. 

Several  studies  support  the  hypothesis  that  the 
eudismic  indices  at  Mi,  M2  and  M3  receptors  of 
antagonists  such  as  procyclidir.r  and  sila-procyclidine'*, 
trihexyphenidyl  and  its  methiodide'”,  biperiden", 
telenzepine'-,  hexahydro-difenidol  (Feifel  el  al.,  un¬ 
published  data),  benzetimide’”  or  phenglutarimide'' 
vary.  The  eudismic  indices  of  a  series  of  other  antag¬ 
onists  were  not  significantly  dissimilar  at  different 
muscarinic  receptoi  subtypes  (see  for  example  Refs 
18,  19). 

What  does  the  'eudismic  index'  mean? 

It  has  been  suggested  that  the  eudismic  index 
correlates  with  the  eutomer  potency  eithei  when 
considering  the  interaction  of  a  single  drug  with  several 
receptor  subtypes  or  that  of  various  drugs  with  a  single 
receptor'^. 

We  did  not  observe  any  correlation  between  eudis¬ 
mic  index  and  affinity  of  the  eutomer  whether  esti¬ 
mated  in  binding  (Fig.  1)  or  functional  (Fig.  2)  studies. 

A  first  and  easy  interpretation  of  this  obvious  lack  of 
correlation  is  that  the  separation  of  the  enantiomers  of 
most  antagonists  used  was  incomplete.  This  hypoth¬ 
esis  does  not  account  for  the  lack  of  correlation  shown 
in  Figs  1  and  2.  Indeed,  in  the  case  of  samples  prepared 
ir»  r»iir  tHc  cHcntiomcr  v/ns  cl^ccicccj 

by  analytical  methods  and  found  to  be  higher  than 
99%.  Furthermore,,  if  we  compare,  for  example,  the 
binding  properties  of  benzetimide  and  QNB  methio¬ 
dide  (Fig.  3),  it  is  obvious  that ;  (1)  both  eutomers  had 
comparable  affinities  at  three  muscarinic  receptor 


subtypes;  (2)  the  QNB  methiodide  eudismic  index  was 
much  lower  than  that  of  benzetimide;  and  (3)  these 
binding  properties  of  (r)-  and  (s)-QNB  methiodide 
were  however  sufficiently  different  to  refute  the 
hypothesis  that  its  low  eudismic  index  w«s  due  to 
incomplete  eutomer  and  distomer  separation.  (r)-QNB 
methiodide  did  not  discriminate  between  M2  and  M3 
receptors  whereas  (s)-QNB  methiodide  preferred  M2 
over  M3  muscarinic  receptor  subtypes.  The  high  optical 
purity  of  QNB  and  QNB  methiodide  enantiomers  (over 
99%)  was  corroborated  by  the  finding  that  the  affinity 
of  (r)-QNB  to  M2  receptors  m  rat  heart  was  higher  than 
that  of  (s)-QNB  by  about  100-fold  (see  below.  Fig.  5). 

These  results  suggest  that  the  binding  properties  of 
two  different  molecules  (i.e.  the  pure  (r)-  and  pure 
(s)-enantiomers)  had  indeed  been  compared,  and  that 
muscarinic  receptors,  in  several  cases,  discriminate 
very  poorly  the  two  enantiomers  despite  their  high 
affinity  for  the  eutomer  (see  for  example  Fig  3).  This 
indicates  that  factors  other  than  affinity  are  involved  in 
the  capacity  of  muscarinic  receptors  to  discriminate 
between  eutomers  and  distomers”. 

Three  models  are  proposed  to  explain  the 
stereoselectivity  of  muscarinic  receptors  for  some 
antagonists  and  their  implication  for  our  understand¬ 
ing  of  drug-receptor  inter-aclion  are  discussed. 

Stereoselectivity  due  to  the  loss  of  a  single  interaction 

In  the  structure  of  benzetimide  the  four  groups 
bound  to  the  chiral  centre  have  very  different  electronic 
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Fig  3.  Comparison  ol  the  apparent  pK  values  of  dexevmide 
((sj-benzetimide)  and  levetimide  ((a)-bemelimide)  and  of  (n)- 
and  (s)-QNB  methiodide  (ONB  <±>)  observed  after  2  hours  of 
incubation,  using  NB  OK  I,  heart  or  pancreas  homogenates 
(M,,  Mg  or  M3  sites,  respectively) 
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(S)-ONB  (R)-QNB 


Levetimide  Dexetimide 

(R)-  (S)- 

Fig.  ^  Chemical  structures  of  dexetimde  (or  (s)-benzetimide), 
levetimide  (or  (efbenzelimide),  (r)-QNB  and  (s)-QNB 


(considering  the  verj’  high  affinity  of  (r)-QNB)  (Figs  4 
and  5).  Af-Methylation  of  QNB  decreased  the  affinity  of 
the  (R)-cnantiomer  but  increased  the  affinity  of  the 
(s)-enantiomer;  QNB  methiodide  bound  with  an  even 
lower  eudismic  index  than  QNB  at  all  receptor  subtypes 
studied.  The  cardiac  Mj  and  neuroblastoma  Mi  recep¬ 
tors  were  in  fact  virtually  unable  to  discriminate 
between  the  (r)-  and  (s)-QNB  methiodide  enantiomers. 

We  would  like  to  suggest  nat,  when  the  (R)-enan- 
tiomer  of  QNB  recognizes  ...uscarinic  receptors,  its 
protonated  amino  group  is  very  close  to  the  charge¬ 
neutralizing  (carboxyl)  group  of  the  receptor.  The 
resulting  formation  of  a  very  strong  ionic  bond,  would 
produce  a  high  energy  barrier  for  breaking  this  bond  so 
that  the  corresponding  dissociation  rate  of  (r)-QNB  is 
low.  When  (s)-QNB  recognizes  muscarinic  receptors, 
its  protonated  amino  group  might  be  unable  to  get  as 
close  to  the  neutralizing  group  due  to  steric  liindrance 
by  the  (s)-configurated  quinuclidinyl  group.  Thus,  the 
affinity  of  (5)-QNB  is  lower  but  the  distance  between 
the  amino  group  of  QNB  and  the  neutralizing  receptor 
group  becomes  large  enough  to  accommodate  a  methyl 
group.  (s)-QNB  methiodide  has,  therefore,,  a  greater 
affinity  thait  (s)-QNB  for  most  receptor  subtypes. 


and  structural  properties  (Fig.  4).  If,  when  dexetimide 
(the  eutomer)  recognizes  the  receptor,  the  four  groups 
specifically  interact  with  receptor  subsites,  it  is  reason¬ 
able  to  expect  that  one  of  these  groups  will  be  incapable 
of  recogitizing  the  receptor  in  the  distomer  configur¬ 
ation.  The  very  large  eudismic  indexes  obtained  in 
binding  or  pharmacological  studies  between  dexet¬ 
imide  and  levetimide  confirm  that  the  four  moieties  at 
the  centre  of  chirality  may  interact  strongly  with  the 
recepcor.  the  difference  between  the  eutomer  and 
distomer  binding  free  energies  is  at  least  4.2  kcal/inol. 

Stereoselectivity  due  to  steric  hindrance  impeding 
distomer  binding 

When  comparing  (r)-  and  (s)-QNB  binding  proper¬ 
ties  wo  observed  relatively  low  eudismic  indexes 


Fig  5  Comparison  ol  apparent  pK,  values  ol(ir)- and  (s)-ONB 
andol(n)  and  (s)-QNB  methiodide  (QNB  &),  obtained  alter  4 
hours  incubation  with  ['^H]NMS  at  25°C,  in  NB-OK1  (M,  sites), 
heart  (M2  sites),  striatum  "B "  (Mj  sites)  or  pancreas  (M3  sites) 
homogenates. 


TABLE  I  Kinetic  constants  of  tne  interaction  of  QNB  and  ONB 
methiodide  enantiomers  with  recept''rs 


Antagonist 

koft 

(10»M-’ 

min-’) 

fCoM 

(min-') 

ti 

(min) 

PK, 

(h)-QNB 

1  02 

0,0092 

75 

100 

(s)-ONB 

1,11 

0  60 

1  2 

8,3 

(ni-QNBS 

2  56 

011 

63 

94 

(s)-QNB® 

5  81 

0.25 

23 

9.4 

Tne  association  (!<,„)  and  dissociation  (kou)  rate  constants, 
tialf  life  of  the  complex  and  pHi  values  of  (n)-  arid  (st-QNB  ana 
of  (n)-  and  (s)-QNB  methiodide  (QNB€>)  in  rat  heart  (My) 
muscarinic  receptors  were  calculated  as  described  in  Ref  20. 
using  'he  equations  described  by  MotulsKy  and  Mahan  to 
interpret  the  time  dependence  of  competition  curves 


This  hypothesis  is  supported  by  the  analysis  of  QNB 
and  QNB  methiodide  binding  kinetics  to  cardiac  Mj 
rcceptcrs.  as  outlined  iri  Table  1.  (s)-QNB  had  a 
markedly  higher  dissociation  rate  than  (r)-QNB,  a 
result  compatible  with  weaker  short-range  interactions 
for  the  (s)-enantiomer.  (b)-  and  (s)-QNB  mcthiodides 
showed  very  similar,  intermediate  dissociation  rale 
constants.  The  energy  barner  for  dissociating  the 
(s)-QNB-receptoi  complex  w’as  increased  by  tne 
presence  of  the  N-mefhyl  group. 

It  is  very  interesiing  in  this  respect  that  (s)-QNB 
methiodide  displayed  no  higiiei  affinity  than  (s)-QNB 
for  the  Ml  receptor  subtvpe  in  striatum:  the  binding 
subsi'es  on  the  muscarinic  receptors  for  the  quinucli¬ 
dinyl  ,?roup  probab'i)  have  a  subtype-dependent  shape 
or  Mzt .  The  QNB  derivatives  studied  here  appeared  to 
recognize  preferentially  the  striatum  'B'  (M3)  binding 
sites,  as  v>ppcscd  to  panacas  {M3)  binding  sites  (Fig.  5) 


68 


TiPS  -  December  1989  supplancnt 


TABLE  II.  Potency  of  procyclidine  enantiomers,  pyrrinol  and 
hexahydroprocyclidine  at  M2  receptors 

P 

HO^C  -  CHj  -  CHj  - 

I  J  IS) -PROCYCLIDINE 

Antagonist 

pffi  values  for  rat 
striatal  'B' 

Ml  sites 

pAi  values  for 
guinea-pig  ileal 

M3  sites 

(R)-Procyclidine 

81 

8.04 

Pyrrinol 

7  2(0.9) 

6.91(1.13) 

Hexahydroprocyclidine 

7, 0(1.1) 

637(1.67) 

V 

(s)-Procyclidine 

6.0 

5.46 

HO  -  C  “  CHj  -  CHg  -  N  J 

Eudismic  index 

2.1 

2.58 

Expected  eudismic 

(2.0) 

(2.80) 

indexa 

i  jj  PYRRTNOL 

0 


HO*-C  -  CHj  -  CHj  - 


(R) -PROCYCLIDINE 


HO 


C  -  CHs  -  CHj  -  iQ 


HEXAHYORO- 

PROCYCLIOINE 


Measured  at  striatal  M3  receptors  by  binding  studies  (as 
described  in  Ref.  5),  and  at  ileal  M3  receptors  by  functional 
studies  (Ref  21  and  unpublished)  Values  in  parentheses  are 
the  differences  between  the  drug  pK,  or  pAa  values  and  the 
(n)-procyclidine  pK,  or  pAj  values. 

■  Corresponds  to  the  sum  of  the  values  in  parentheses  (see 
text  for  explanation) 

suggesting  that  these  binding  sites  belong  to  different 
subtypes.  It  is  unfortunately  not  possible  at  present  to 
correlate  these  binding  properties  with  functional  data 
as  (r)-QNB  behaves  in  pharmacological  studies  as  a 
non-competitive  antagonist’*-*’.  We  were  also  unable 
to  assess  the  purity  of  the  striatum  'B'  subtype.  Due  to 
its  very  slow  binding  kinetics,  (r)-QNB  competition 
curves  in  pancreas  were  steeper  than  expected.  The 
'normal'  competition  curves  obtained  in  striatum  are 
compatible  either  with  the  existence  of  a  single  receptor 
subtype,  or  with  the  superimposition  of  two  'steep' 
competition  curves  at  different  receptor  subtypes. 

Stereoselectivity  due  to  exchange  of  position  of  two 
groups  in  antagonist  binding  site 
In  contrast  to  benzetimide  (Fig.  4),  two  substituents 
bound  to  the  center  of  chirality  of  procyclidine  (Fig.  6) 
possess  comparable  physicochemical  properties.  The 
cyclohexyl  and  phenyl  moieties  are  both  hydrophobic 
and  incapable  of  promoting  hydrogen  or  ionic  bonds. 
To  understand  the  forces  responsible  for  the  disciimi- 
nation  of  procyclidine  enantiomers  by  muscarinic 
receptors,  we  concentrated  on  the  binding  properties  of 
procyclidine  enantiomers  and  of  two  related  achiral 
compounds:  hexahydroprocyclidine  and  the  diphenyl 


Fig.  6.  Chemical  structures  of  (a)-  and  (s)-procyclidine, 
pyrrinot,  and  hexahydroprocyclidine. 

derivative,  pyrrinol  (Fig.  6).  Their  affinities  for  striatum 
'B'  sites  are  compared  in  Table  1  with  pharmacological 
data  obtained  in  guinea-pig  ileum^'  and  unpublished 
results  (two  systems  with  'M3'  pharmacological  pro  -jr- 
ties).  In  binding  and  functional  studies,  (R)-procycli- 
dine  was  more  potent  than  the  (s)-isomer.  Replacing 
the  cyclohexyl  group  by  a  phenyl  group,  or  vice  versa 
(from  (R)-procyclidine  to  pyrrinol  or  to  hexahydrop¬ 
rocyclidine),  decreased  the  affinity  by  about  one  log 
unit.  The  distomer  (s)-procyrlidine  had  a  lower  affinity 
than  the  two  achiral  compounds,  and  the  eudismic 
index  of  procyclidine  binding  to  M3  receptors  was  2.1. 
As  shown  in  Table  11,  affinity  losses  due  to  the 
replacement  of  the  phenyl  by  a  cyclohexyl  and  of  the 
cyclohexyl  by  a  phenyl  group,  measured  on  a  log  scale, 
were  additive,  the  determined  eudismic  indexes  being 
very  similar  to  the  calculated  ones.  This  suggests  that 
when  (s)-procyclidine  interacts  with  forebrain  or  ileum 
M3  receptors,  higher  affinity  is  obtained  by  allowing  the 
cyclohexyl  moiety  to  interact  with  a  'phenyl-preferring' 
subsite,  and  the  phenyl  group  with  a  'cyclohexyi- 
preferring'  subsite,  rather  than  by  allowing  three  of  the 
four  groups  bound  to  the  cemer  of  chirality  to  form 
optimal  interactions  with  their  respective  subsites,  the 
fourth  group  pointing  away  from  the  receptor. 

The  affinity  (pK,  values)  and  eudismic  index  correl¬ 
ated  reasonably  well  in  our  four  binding  assays  when 
comparing  hexahydrodifenidol  (HHD),  trihexyphen¬ 
idyl  and  procyclidine  (Table  III),  three  drugs  with 
closely  related  structures.  This  suggests  that  the  as- 


TABLE  III.  Affinities  and  eudismic  indexes  of  procyclidine,  trihexyphenidyl  and  HHD 


Antagonist 

Eutomer  p/Ci  and  eudismic  index  values 

NB-OK1 M, 

heart  M2 

Striatum  B  M3 

pancreas  M3 

Procyclidine 

8,4(2  2) 

7.4(1  0) 

0  ■«  /O 
w  '  '/ 

7 

Trihexyphenidyl 

90(2.5) 

7  7(16) 

8.4(2  6) 

8  1  (2,6) 

Hexahydrodifenidol 

8.3  (2.2) 

7  0(1.2) 

8.1  (2.1) 

8 1  (2.3) 

Affinities  and  eudismic  index  values  (in  parentheses)  measured  as  described  in  Refs  3,  5  and  7  The 
'''•.relation  coefficient  r  between  eutomer  pK,  values  and  eudismic  index  values  is  0  83 
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sodated  eudismic  indexes  probably  reflect  an  almost 
bio-isosteric  exchange  of  the  position  of  two  moieties 
with  similar  (although  not  identical)  structural  and 
electronic  properties.  Since  (s)-HHD  (in  contrast  to 
(r)-HHD)  is  nonselective,  this  suggests  that  the  M),  Mj 
>  M2  selectivity  of  HHD—  reflects  poor  binding  of  the 
phenyl/cyclohexyl  moieties  to  cardiac  Mi  receptor.  On 
the  other  hand,  trihexyphenidyl  is  Mj-preferring  as 
compared  to  pancreas  M3  and  M2  receptors.  The  low 
eudismic  index  at  M2  receptors  suggests  that  phenyl/ 
cyclohexyl  groups  interact  weakly  with  this  receptor. 
Its  large  eudismic  index  at  pancreas  M3  receptors,  in 
contrast,  implies  that  the  Mj  >  M3  selectivity  of 
trihexyphenidyl  reflects  a  weaker  binding  of  the  basic 
center  rather  than  the  hydrophobic  rings,  to  pancreas 
M3  receptors. 
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The  design  of  full  agonists  for  the  cortical 
muscarinic  receptor 

John  Saunders  and  Stephen  B.  Freedman 

In  the  present  study  we  describe  a  novel  series  of  oxadiazole  bused  tertiary  amines  which  include  the  most 
efficacious  and  potent  muscarinic  ligands  known.  These  compounds  possess  physicochemical  characteristics 
which  enable  rapid  eipiilibration  into  the  CNS  and  are  able  to  fully  activate  cortical  muscarinic  receptors. 

Data  obtained  from  this  series  have  allowed  us  to  propose  a  pharmacophoric  model  which  distinguishes  high 
and  low  affinity  state  binding.  This  in  turn  has  led  us  to  suggest  that  agonists  and  antagonists  may  hind  at 
two  independent  sites  on  the  rcceptoi  protein  and  to  speculate  on  the  .steps  putatively  involved  in 
agonist-induced  receptor  activation. 


For  the  past  four  years  we  have  been  involved  in  the 
design  of  cholinomimetic  agents  which  would  be 
capable  of  penetrating  into  the  CNS  and  displaying 
high  efficacy  at  cortical  muscarinic  receptors.  In  the 
cerebral  cortex,  those  muscarinic  receptors  which  are 
coupled  to  the  turnover  of  phosphatidylinositol*  (PI) 
appear  to  have  only  limited  receptor  reserve.  It  is  now 
known  that  there  are  at  least  three  subtypes,  ml,  m3 
and  m5,  which  may  be  capable  of  positively  stimulating 
PI  hydrolysis^. 

Agonists  'uch  as  pilocarpine  and  RS-86  are  unable  to 
produce  a  response  of  greater  than  .15%  of  that  seen 
with  the  low  affinity  but  high  efficacy  agonist,  carba- 
chol.  Pnor  to  the  discovery  of  the  novel  compounds 
described  in  this  report,  it  was  believed  that  only 
quaternary  ammonium  based  agonists  such  as  carba- 
chol,  muscanne  and  oxotremorine-M,  possessed  suffi¬ 
cient  intrinsic  efficacy  to  maximally  stimulate  cortical  PI 
hydrolysis.  Such  agents  would  be  expected  to  have 
only  very  limited  capaaty  to  penetrate  into  the  CNS. 

Efficacy  ot  the  cortical  muscarinic  receptor 

We  have  previously  described^-s  a  two  step  binding 
assay  to  measure  affinity  and  also  predict  cortical 
efficacy  from  the  antagonist-agonist  binding  ratio  in  rat 
cortical  membranes  (Fig.  1);  that  is  the  NMS/OXO-M 
ratio.  The  log  of  this  ratio  has  been  shown  to  correlate 
with  the  ability  of  the  ligand  to  stimulate  the  hydrolysis 
of  cortical  PI.  Four  broad  categories  of  muscarinic 
ligands  can  be  defined  according  to  their  efficacy  as 
estimated  from  this  ratio;  antagonists  show  equal 
affinity  in  both  binding  assays  and  thus  have  ratios 
close  to  unity,  weak  partial  agonists  have  low  ratios 
between  10-200,  partial  agonists  display  intermediate 
ratios  of  200-800  whereas,  at  the  other  end  of  this 
continuum,  full  agonists  display  a  ratio  in  excess  of  800. 

Discovery  of  oxadiazole  based  muscarinic  ligands 

Starting  from  arecoline*,  our  objectives  were  three¬ 
fold:  (1)  to  design  an  agonist  with  at  least  a  ten-fold  and 
preferably  up  to  100-fold  increase  in  receptor  affinity 
leiaiivo  io  ai'CcOuuC  (scc  Table  I).;  (2)  to  improve  on  the 

Chemistry  and  Biochemistry  Departments,  Merck  Sharp  and  Dohme 
Research  Ijiboratories,  Neuroscience  Research  Centre,  Tertmgs 
Park,  Harlolo,  Essex  CM20  2QR,  UK, 


physicochemical  properties  of  that  compound  (i.e. 
remove  the  hydrolytically  susceptible  ester  bond)  and 
(3)  to  increase  efficacy  to  that  of  a  full  agonist  while 
maintaining  the  ability  to  rapidly  equilibrate  into  the 
CNS.  This  latter  point  was  thought  to  be  the  most 
problematic  since  established  dogma  was  that  the 
quaternary  ammonium  entity  was  an  obligat'^r^  feature 
for  all  full  agonists  at  the  corti-a*  cite. 

It  had  been  observed  that  replacement  of  the  ester 
functionality  in  benzodiazepine  esters  by  oxadiazole 
invariably  produced  an  increase  in  efficacy  as 
witnessed  by  an  increase  in  the  GABA  shifts.  In  fact  the 
GABA  shift  may  be  compared  to  the  NMS/OXO-M  ratio 
in  predictive  value  for  efficacy.  The  first  compound 
made  involved  this  direct  replacement  into  arecoline 
and  afforded  compound  3  (Table  I)  which  showed  a 
modest  improvement  in  affinity  but  without  the  antici¬ 
pated  increase  in  efficacy.  However,  the  compound 
does  represent  a  hydrolytically  stable  arecoline-like 
agonist.  Almost  simultaneously,  a  senes  of  quantum 
mechanical  calculations  were  undertaken  aimed  at 
trying  to  understand  more  precisely  the  distnbution  of 
electrostatic  charge  on  a  quaternary  methylammonium 
group.  It  was  concluded  that  the  spherically  symmetri¬ 
cal  distnbution  of  charge  should  be  best  mimicked  by  a 
protonated  1-azabicyclic  system  such  as  is  found  in  the 
quinuclidine  framework.  Thus  the  second  new  com¬ 
pound,  2,  provided  the  jump  in  affinity  desired  but 

L  +  R  - -  L-R  - ►  [L-Rj*  - ►  coupling 


An-R  +  L  [Ag-R]*  +  L 


Fig.  1  Antagonist-agonist  binding  ratio  in  cerobral  cortex  as  a 
measure  ol  cortical  efficacy  L  =  radioligand  (either  [^HfNMS 
or^HfOXO-M),  R  -  receptor,  An  =  antagonist,  Ag  -  agonist, 
'  =  activated  state  of  receptor 
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TABLE  I.  Irt-vitro  binding  data  for  arecolme  and  novel 
oxadiazole-based  ligands 


Binding  data  [Ka(app)  (|im)] 


Compodiio 

[3H]NMS« 

pHlOXO-W 

ratio' 

62 

(5  1-9  0) 

0011 

(0  0098-0012) 

560 

Arecoline 

Oi, 

o.,  1 

1  8 

r-  0-2  3) 

0  0046 

(0  0035-0  0063) 

390 

cv. 

0  44 

(0  39-0.48) 

000090 

(0.00052-0  0013) 

490 

Values  determined  by  displacement  of  tritiated  figand  from  rat 
cortical  homogenates,  expressed  as  affinity  constant 
(K'a{app)]  corrected  for  ligand  occupancy  using  the  Cheng 
and  Prussoff  equation.  Each  value  is  the  geometric  mean  of  at 
least  three  determinations  performed  on  separate  occasions, 
for  each  determination  assays  were  performed  in  triplicate 
using,  typically,  6-10  concentrations  Ranges  of  values  giver, 
in  parentheses 

•Displacement  o!  (3HJW-methylscopolamine,  »displacement  of 
(3Hjoxotremorine-M;  'ratio  of  Ki(app)  for  NMS  to  f<a(app)  for 
OXO-M. 


again  with  little  change  in  efficacy.  Neverthelcs.s,  this 
result  prompted  further  development  of  the  quinucli- 
dine  series. 

Progressive  removal  of  the  heteroaioms  by  making 
o.xazoles  and  furans  (Table  II)  caused  a  drastic  reduc¬ 
tion  in  efficacy,  primarily  by  loss  in  binding  to  the  high 
affinity  state  of  the  receptor,  while  leaving  low  affinity 
state  binding  relatively  unchanged.  The  exact  position 
of  the  heteroatoms  was  also  important  since  isomeric 
oxadiazoles  (e.g.  6)  showed  both  lower  affinity  and 
efficacy .  Noting  that  the  arrangement  of  heteroatoms  in 
2  was  optimal  both  for  affinity  and  efficacy,  changes  to 
the  oxadiazole  substituent  v/ere  next  explored  (Table 
III).  Compounds  2  and  7-9  indicated  that  efficacy  fell 
off  very  rapidly  with  increasing  bulk  lipophilicity 
roughly  in  the  vicinity  of  where  the  methyl  group  of 
acetylcholine  would  be  found.  Ethyl  for  example  had 
reduced  efficacy  similar  to  that  of  a  weak  partial 
agonist.  The  substitution  of  the  diphenylhydroxy 
group  ('borrowed'  from  QNB)  produced  an  antagonist 
with  affinity  equal  to  most  classical  antagonists.  The 
data  also  gave  the  first  clues  as  to  how  efficacy  may  be 
improved  since  it  suggested  that  even  the  methyl  group 
in  this  series  may  be  too  lipophilic. 

Recalling  that  an  amino  group  in  carbachol  replaces 
the  methyl  group  of  acetylcholine,  this  substitution  was 
Studied  in  the  oxadiazole  series.  The  resulting  com¬ 
pound,  W,  showed  an  increase  in  efficacy  through 
improved  binding  to  the  high  affirm/  state  of  the 
receptor.  Several  pairs  of  methyl  and  amino  com¬ 
pounds  revealed  that  this  improvement  in  efficacy  with 


amino  was  quite  general.  Increasing  lipophilicity  by 
N-methylation  to  give  the  monomethylamino-,  11,  and 
dimethylamino-oxadiazole,  12,  again  resulted  in  loss  of 
efficacy.  Finally,  the  chloro  substituent,  both  isostenc 
and  isolipophilic  to  methyl  not  surprisingly  yielded  a 
compound,  13,  with  a  profile  closely  similar  to  2. 

At  this  stage,  reduction  in  the  bulk  lipophilicity  of  the 
quinuclidine  ring  was  studied.  The  simplest  conceptual 
change  was  to  remove  a  carbon  atom  from  one  of  the 
bridges  in  quinuclidine  since  this  would  allow  lipo¬ 
philicity  to  bo  lowered  while  maintaining  a  similar 
geometry  of  the  pharmacophore.  This  proved  to  be  the 
definitive  change  in  improving  both  affinity  and  effi¬ 
cacy  and  has  provided  agonists  (Table  IV)  with  affinity 
and  efficacy  comparable  to  or  greater  than  that  of  all 
classical  quaternary  ammonium  based  ligands.  In 
contrast  to  quinuclidine,  since  the  resulting  azabicycle 
is  no  longer  symmetrical,  there  are  two  diastereomeric 
forms  of  the  molecule  which  we  have  labelled  exo  and 
eiido.  In  all  cases,  it  is  the  exo  form,  the  form  with  the 
oxadiazole  ring  directed  towards  the  one  carbon 
bridge,  which  is  the  more  active.  The  figure  of  0.040  nM 
for  76  is  an  underestimate  of  the  compound's  true 
affinity  for  the  OXO-M  labelled  state  because  of  ligand 
depletion  in  the  binding  assay.  When  the  determi¬ 
nation  was  repeated  at  lower  membrane  dilutions,  the 
a.ffinity  was  increased  to  give  a  ratio  in  excess  of  1000. 

In-vitro  studies 

Four  of  the  compounds  discussed  above  were  the 
subject  of  a  more  detailed  biological  characterization. 
The  methyl  oxadiazole,,  2,  showed  a  10-fold  increase  in 
affinity  compared  with  arecoline  but  had  only  a  limited 
ability  to  stimulate  PI  turnover  with  a  maximum 
response  of  18%  of  that  seen  with  carbachol  (Table  V). 
This  response  was  similar  to  that  seen  with  arecoline 
though  it  possessed  some  3-fold  higher  potency.  The 
amino  oxadiazole,  70,  with  a  significantly  higher 
NMS/OXO-M  ratio,  produced  a  dose  dependent  stimu¬ 
lation  of  cortical  PI  turnover  with  a  maximal  response  at 
1  mM  of  about  70%  of  that  seen  with  carbachol. 


TABLE  II  !n-vitro  binding  data  for  quinuclidine-based  ligands 


Compound  NET 

Binding  data  [ffsfapp)  (mm)] 

c$r"" 

PHJNMS* 

PHJOXO-Mb 

ratio' 

2 

-'Or- 

0.44 

(0.39-0  48) 

0.00090 

(0  00052-0.0013) 

490 

3 

1  4 

(1  2-1  7) 

0.027 

(0  022-0.033) 

52 

4 

.//  r""’ 

N>  ** 

1  4 

(1  1-1  8) 

0  036 

(0  030-0  045) 

39 

5 

1,4 

(C\  Q5_1  9) 

0057 

(0 

15 

6 

cr’" 

75 

(5  4-12) 

0  060 

(0.054-0  071) 

130 

Footnotes  as  defined  in  Table  I. 
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TABLE  III.  In-vitro  binding  data  lor  substituted  oxadiazoles 


Compound 

■rt 

isr- 

R 

PH]NMS> 

Binding  data  [•Va(app)  (pm)] 

PHIOXO-Mb 

ratio' 

2 

CHa 

0  44 

(0  39-0.48) 

0.00090 

(0  00052-0  0013) 

490 

7 

CH2CH3 

0.096 

(0.08-0.11) 

0  0056 

(0  0047-0.0073) 

17 

8 

CHjPh 

0.070 

(0.049-0  10) 

0  021 

(0.014-0  031) 

3  3 

9 

C(OH)Ph2 

000012 

(00001-0,00012) 

0  000067 

(0.00015-0  000037) 

1  8 

10 

NH2 

060 

(0  44-0.70) 

0.00050 

(0.00035-0  00067) 

1200 

11 

NHCH3 

2.0 

(1.2-3  5) 

0  053 

(0  021-0  17) 

38 

12 

N(CH3)2 

0  20 

(0.13-0  37) 

0.021 

(0  014-0.025) 

9.5 

13 

Cl 

0.19 

(018-0  21) 

0  00048 

(0.00041-0  00054) 

400 

Footnotes  as  defined  in  Table  I. 


When  the  quinuclidine  base  was  replaced  with  a 
1-azanorbomane  system  the  resulting  exo  methyl  and 
amino  oxadiazoles  (14  and  16  respectively)  displayed  a 
5-10-fold  inaease  in  affinity  compared  with  the  quinu- 
didine  and  also  an  inaease  in  the  predicted  efficacy  in 
both  cases.  Compound  14  stimulated  cortical  PI  turn¬ 
over  with  a  maximum  response  of  90%  of  that  seen  with 
carbachol  whereas  the  amino  analogue  16  was  amongst 
the  most  efficacious  muscarinic  agonists  known.  The 
magnitude  of  the  PI  response  at  about  150-170%  was 
equivalent  to  that  seen  with  acetylcholine  (EC50=30 
pM),  though  this  compound  was  100-fold  more  potent. 
The  responses  of  these  compounds  were  inhibited  by 
the  muscarinic  antagonist  atropine  (1  pM). 

In-vivo  characterization 

Muscarinic  agonists  produce  a  wide  variety  of 
physiological  effects  when  administered  to  rodents, 
including  central  efferts  such  as  hypothermia  and 
peripheral  effects  such  as  salivation.  The  potency  of 
arecoline  in  these  models  was  very  weak  (Table  VI) 
with  doses  in  excess  of  10  mg/kg  being  used  due  to  the 
labile  nature  of  the  ester  linkage  present  in  arecoline.  In 
contrast,  tho  oxadiazole  derivatives  were  considerably 
more  active  in  vivo,  with  the  two  quinuclidine  deriva¬ 
tives  producing  cholinomimetic  effects  at  doses  up  to 
1000-fold  less  than  arecoline  (Table  VI).  The  two 
azanorbomane  derivatives,  14  and  16,  showed  even 
higher  potency  with  14  produring  central  cholino¬ 
mimetic  effects  at  doses  of  less  than  1  pg/kg.  These 
compounds  are  some  of  the  most  potent  centrally  active 
cholinomimetics  known. 

The  two  methyl  oxadiazoles  2  and  14  were  interesting 
in  that  they  demonstrated  peripheral  and  central  effects 
at  similar  doses,  implying  that  both  compounds 


possessed  good  penetration  into  the  CNS.  This  was 
examined  in  more  detail  in  an  ex-vivo  binding  assay**.  In 
this  assay  compounds  were  tested  for  their  ability  to 
displace  the  ex-vivo  binding  of  the  potent  muscarinic 
agonist  [-’HJOXO-M  in  whole  mouse  brain  homogen¬ 
ates.  The  binding  observed  in  saline  treated  animals 
was  compared  with  that  from  mice  previously  treated 
with  novel  cholinomimetics  and  the  inhiWtion  of 
specific  binding  by  the  latter  obtained  by  comparison. 
An  estimation  of  the  peietration  of  each  compound 


TABLE  IV  Binding  data  for  azanorbornane-based  oxadiazoles 

Binding  data  [K„(app)  (pM)] 

Compound  PH1NMS=>  PHIOXO-Mb  ratio' 


0  44 

(0  39-0  49) 

0  00090 

(0  00052-0  0013) 

490 

I)  N 

0.10 

OOOOiO 

1000 

c/'”' 

(0  076-0  21) 

(0  000055-0.00015) 

cw, 

3.6 

0.0021 

1700 

(1. 9-5.9) 

(0.0015-0  0027) 

NH, 

► 

0  032 

<0  000040 

>1000 

c/'”' 

(0  023-0040) 

(0  000034-0  000045) 

’  "-T 

1.8 

00014 

1300 

(14-2.1) 

(0  0011-0.0015) 

Footnotes  as  defined  in  Table  I 
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TABLE  V.  In-vitro  characterization  of  oxadiazole  muscannic 
receptor  agonists  in  rat  cerebral  cortex 


Phof'  “-v-jyi  Inositol 
tut.  over 


Compound 

NMS:  OXO-M 
ratlo“ 

EC50(|im)“ 

%  max 
response^ 

Arecoline 

560 

16 

18 

2(L-658,903) 

490 

5 

16 

10(L-660,863) 

1200 

3 

68 

14(L-670,548) 

1000 

0  25 

90 

16(L-670,207) 

>1000 

0  25 

170 

•Ratio  of  Ka(app)  for  NMS  to  /<a(app)  for  OXO-M  “Potency  of 
compound  in  eliciting  breakdown  of  labelled  inositol  phos¬ 
pholipids.  Each  value  calculated  from  2-5  independent 
determinations  '%  Maximum  response  expressed  as  % 
response  to  1  mM  carbacol,  included  in  all  experiments. 


into  the  CNS  was  also  made  by  comparison  with  a 
calibration  curve  of  compound  added  to  homogenates 
from  saline  treated  animals.  In  this  assay  arecoline  was 
very  weak  with  a  potency  of  220  mg/kg  measured  at  30 
min  following  administration  (Table  VI).  This  low 
potency  and  the  poor  penetration  obtained  for  arecol¬ 
ine  is  a  reflection  of  its  poor  biological  availability  and 
short  duration  of  action.  In  contrast,  the  four  oxadi- 
azoles  were  up  to  30000-fold  more  active  than  arecoline 
with  the  methyl  oxadiazole  14  being  the  most  potent 
fED50  0.0069  mg/kg).  Because  of  the  dilution  of  tissue 
in  the  binding  assay  the  in-vivo  dose  required  to  yield 
50%  occupancy  of  brain  muscarinic  receptors  is  con¬ 
siderably  lower  than  this  figure.  Both  of  the  methyl 
oxadiazoles  showed  good  CNS  penetration  in  the 
ex-vivo  assay  with  amounts  in  the  CNS  calculated  to  be 
1.9  and  3.8%  of  the  administered  dose.  These  values 


are  some  10-fold  higher  than  those  observed  with  the 
amino  oxadiazoles  and  represent  very  high  penetra¬ 
tion,  since  the  weight  of  the  mouse  brain  as  a 
proportion  of  the  total  available  body  weight  is  in  the 
order  of  2-5%. 

A  pharmacophoric  model  to  distinguish  high  and  low 
affinity  state  binding 

Taken  together  this  information  has  allowed  the 
development  of  a  simple  binding  model  (Fig.  2).  As  has 
been  obvious  for  some  time,  all  muscarinic  ligands 
require  the  presence  of  a  cationic  head  group  which,  by 
analogy  with  the  P-receptor’,  is  involved  in  an  electro¬ 
static  interaction  with  an  Asp  residue  on  the  recepior 
protein  and  this  is  seen  as  the  primary  interaction.  Sites 
for  secondary  interactions,  and  those  which  allow  us  to 
differentiate  between  agonists  and  antagonists,  are 
provided  for  by  the  oxadiazole  moiety.  From  the 
structure-activity  discussion  presented  above,  it  was 
concluded  that  two  H-bond  acceptor  sites  on  the  ligand 
are  necessary  for  full  agonist  behaviour  and  further¬ 
more,,  these  sites  are  localized  in  the  vicinity  of  the  two 
ring  nitrogens’“.  The  role  of  the  electron-donating 
amino  group  is  simply  to  potentiate  the  H-bonding 
capability  of  the  ring  nitrogens.  More  precisely,  efficacy 
is  correlated  directly  with  the  negative  electrostatic 
potential  adjacent  to  the  ring  nitrogens. 

Thus  two  H-bond  acceptors  are  necessarj’  for  binding 
with  high  affinity  to  the  agonist  binding  site  with  little 
or  no  dependency  on  lipophilic  binding.  In  contrast, 
either  or  both  of  these  interactions  are  relatively 
unimportant  for  binding  to  the  low  affinity  state. 
Instead,  inaeased  reliance  is  placed  upon  lipophilic 
binding  in  the  vicinity  of  the  acetylmethyl  group  of  the 
endogenous  ligand,  acetylcholine,  and  this  charac¬ 
terizes  antagonist  behaviour. 

These  differences  may  be  summarized  as  follows: 
antagonists  and  agonists  distinguish  different  binding 
loa  on  the  receptor  although  the  cationic  head  group  is 


TABLE  V,  In-vivo  charrotenzation  ol  novel  oxadiazole  muscarinic  recepior 


Compound 

Salivation 

FD100“ 

Hypothermia 

ED50“ 

Ex-v/vo  binding 

ED50“ 

%  penetration’’ 

Arecoline 

66 

13 

220 

0  0C35 

2(L-658,903) 

0.015 

0015 

0.21 

1  9 

10(L-660,863) 

0.007 

009 

0.65 

013 

14(L-670,548) 

0.0007 

00006 

0.0069 

38 

16(L-G70.2C7) 

0.0015 

0.0030 

0064 

0  24 

•Dose  of  agonist  (mg/kg)  required  to  produce  100  mg  of  saliva  during  the  experimental  10  min  period  .n 
25  g  BKTO  male  mice  “Dose  of  agonist  required  to  produce  50%  of  the  maximum  fail  in  core  body 
temperature.  “Dose  of  compound  required  to  inhibit  the  specific  binding  of  (^HIOXO-M  (0.6  nw)  by  50%. 
'"’enetration  of  each  compound  was  estimated  by  comparing  inhibition  of  binding  with  a  calibration  curve 
c.,  'tructed  by  adding  Known  amounts  ol  test  compound  to  the  homogenates  from  saline-treated  animals, 
llo.inn  ihio  cai'b'at'on  cur.'c,  the  amcurit  o'  ios!  uumpouiid  in  me  original  nomogenaie  was  estimated 
Penetration  of  each  compound  was  calculated  by  comparing  the  amount  of  compound  in  the  brain  and 
dividing  this  by  the  total  amount  administered  and  multiplying  by  100  Data  are  the  mean  ol  3-5  independent 
detei  ■ninalions. 
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Fig.  2.  Hypothetical  binding  site  for  muscarinic  ligands 
showing  the  oresence  of  the  primary  Couiombic  interaction 
between  the  protonated  amine  (oi  quaternary  ammonium 
group)  and  an  Asp  residue  from  the  receptor  In  addition, 
agonists  utilize  two  H-bond  interactions,  possibly  provided  by 
Ser  residues,  whereas  antagonists  require  lipophilic  binding  in 
the  region  of  the  oxadiazole  methyl  group. 


an  essential  pharmacophoric  element  for  all  ligands. 
Full  agonists  utilize  two  H-bonding  interactions  (accep¬ 
tors)  to  bind  to  the  receptor  and,  in  general,  are  small, 
hydrophilic  species.  They  also  require  some  degree  of 
conformational  flexibility  to  participate  in  the  mutual 
conformational  changes  that  accompany  receptor  acti¬ 
vation.  Antagonists  require  maximally  one,  and  poss¬ 
ibly  no,  H-bonding  sites  and  instead  utilize  hydro- 
phobic  binding  energy  to  stabilize  binding  to  the 
receptor.  Accordingly,  they  are  large  molecules  with 
some  region  of  bulk  lipophilicity.  Although  it  is 
proposed  that  there  are  two  distinct  binding  loci  on  the 
receptor,  only  one  of  these  sites  is  accessible  to 
antagonists  because  of  their  chemical  and  physico¬ 
chemical  properties. 

Agonist-induced  receptor  activation 

The  ligand  binding  mode!  depicted  in  Fig.  2  permits 
speculations  on  the  sequence  of  events  in  agonist- 
induced  receptor  activation  that  is  consistent  with  our 
ligand  docking  experiments  to  a  3-dimensional  model 
of  the  muscarinic  receptor.  This  model  is  based  on  John 
Findlay's  rhodopsin  model"  in  which  the  most  promi¬ 
nent  feature  is  the  seven  transmembrane  helical 
domains  which  encompass  the  ligand  binding  site.  By 
analogy  with  the  {3-adrenergic  system,  it  is  to  be 
expected  that  two  functional  aspartic  acid  (Asp)  resi¬ 
dues  play  a  role  in  ligand  binding.  For  the  (5-receptor,, 
Asp-113  has  been  shown  to  be  the  primary  recognition 
site  for  all  ligands  and,  more  interestingly,  a  second 
Asp,  Asp-79,  seems  to  be  involved  in  agonist  but  not 
antagonist  binding.  These  residues  correspond  to 
Asp-105  and  Asp-71  respectively  on  the  ml  receptor 
protein. 

As  shown  in  Fig.  3,  the  ligand,  irrespective  of  its 
efficacy,,  binds  initially  to  the  low  affinity  state  cf  the 
receptor,  that  is  with  Asp-105  found  towards  the 
extracellular  end  of  helix  3,  in  the  first  equilibrium 
process.  The  ligand  has  been  purposely  located  above 
the  Asp  to  indicate  that,  although  the  protonated  amine 
function  is  electrostatically  bound  to  this  Asp,  the  other 


end  of  the  molecule  is  directed  towards  the  surface  of 
the  receptor.  This  would  imply  that,  for  antagonists, 
the  large  lipophile  is  bound  in  lipophilic  pockets  on  the 
receptor  close  to  its  surface.  Only  if  the  ligand  is  an 
agonist  is  the  second  equilibrium  process  achieved  with 
the  ligand  moving  down  into  the  binding  channel  to 
take  up  a  new  position  with  the  oxadiazole  now 
directed  down  into  the  protein  but  with  the  cationic 
head  group  still  bound  to  Asp-105.  Stabilization  of 
binding  at  this  stage  can  no  longer  rely  on  lipophilic 
binding  since  the  oxadiazoK  nng  and  its  substituent 
find  themselves  in  a  highly  hydrophilic  climate. 
H-bonding  interactions  are  used  at  this  stage  and  also 
later  to  assist  in  the  shuttling  process  by  which  the 
agonist  becomes  attached  to  a  lower  Asp  residue, 
Asp-71,  buried  midway  down  helbc  2.  It  is  this 
sequence  of  events  that  distinguishes  agonists  from 
antagonists  and  results  in  mutual  changes  in  confor¬ 
mation  in  both  the  agonist  and  receptor  which  are 
associated  with  receptor  activahon.  This  has  two 
consequences.  First,  we  can  reinterpret  the  NMS/OXO- 
M  assay  and  state  that  antagonists  displace  radio- 
labelled  agonist  binding  only  indirectly  by  continually 
disturbing  the  equilibria  in  favour  of  low  affinity  state 
binding.  Second,  it  provides  a  qualitative  descnptioi.  of 
partial  agonists  whose  efficacy  will  depend  on  the  exact 


Ag  +  As[»(l05'-j 
R 


receptor 

aclivalion 


\  ^AspdOS)-^ 

- ►  Asp{l05)-| - ►  Ag  R 

R  Asp(7l)J 

(low  »frinity  state)  | 

Asp{105)-|  Asp(I05)-| 

-< -  R  -« —  Ag  R 

I  \  I 

Asp(71) — '  Asp(7l) — ' 

Ag 

(ht|h  affimty  state) 


Fig.  3  Sequence  of  events  putatively  involved  in  receptor 
activation  following  ligand  binding.  Each  step  should  be  seen 
as  an  equilibrium  process.  AsplOS  is  located  towards  the 
extracellular  surface  on  helix  3  and  is  the  first  recognition  point 
for  all  muscarinic  ligands  Only  small,  hydrophilic  molecules 
(Ag,  agonists)  have  access  to  the  Asp7t  buried  almost  at  the 
midpoint  of  helix  2. 


position  of  these  equilibria.  For  full  agonists,  this 
equilibnum  will  almost  entirely  favour  high  affinity 
state  binding. 

In  conclusion,  these  studies  have  led  to  some  of  the 
most  efficacious  and  potent  agonists  known  which  are 
capable  of  penetrating  into  the  CNS.  The  structure- 
activity  trends  have  improved  our  understanding  of 
structural  properties  i/hich  influence  efficacy  and  this 
in  turn  has  led  to  a  working  hypothesis  for  the  steps 
involved  in  receptor  activation. 
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Cholinergic  mechanisms  in  pain  and  analgesia 

Per  Hartvigi,  Per  Goran  Gillberg2,  Torsten  Gordh  Jr^  and 

Claes  Post^ 


There  is  now  substantial  evidence  that  acetylcholinesterase  inhibitors  and  muscarinic  receptor  agonists 
increase  the  pain  threshold  after  both  sysUmic  and  spinal  administration.  In  rats,  physostigmine  gave  a 
significant  dose-dependent  increase  in  latency  times  m  'c.V  immersion  test  following  intrathecal 
administration.  The  effect  was  antagonized  with  atropine.  Neostigmine  gave  more  prolonged  latencies  as  did 
the  muscarinic  receptor  agonist  ca'lachol.  Spinal  cholinergic  pathways  for  cntinociception  interacted  with 
the  spinal  opioid  and  adrenergL  nerve  tracts.  No  cross-tolerance  to  the  selective  oiz-adrenoreceptor  agonist 
guanfacine  or  to  morphine  was  seen  in  rats  tolerant  of  spinal  carbachol  antinocicepthn.  The  mechanism  of 
spinal  cholinergic  antint.iceplion  is  not  known  but  a  muscarinic  interneuron  may  explain  the  interactions 
with  other  neurotransmitters.  Clinically,  the  centrally  active  cholinesterase  inhibitor  physostigmine  has  been 
shozon  to  give  postoperative  pain  relief  although  of  short  duration.  Severe  nm.irjgenic  pain  has  been 
successfully  treated  with  physostigmine  or  distigmine. 


More  than  ' '  ■  •  have  now  elapsed  since  the  first 
observation  .  ^e  that  the  cholinesterase  inhibitor 
physostigmine  increased'  the  pain  threshold  in 
humansL  Since  then  there  have  been  many  reports 
describing  the  antinociceptive  action  of  both  cholin¬ 
esterase  inhibitors  and  cholinergic  agoni.sts  (for  review 
see  Refs  2  and  3).  It  has  also  been  reported  that 
physostigmine  increased  the  threshold  for  pain  elicited 
by  radiant  heat  to  the  forehead  of  human  subjects^. 
Experimental  pain  research  on  these  drugs  was  actively 
pursued  before  the  discovery  of  the  endogenous  opioid 
peptides  but  has  since  then  become  less  active. 
However,  in  recent  years  research  on  cholinergic 
mechanisms  for  pain  and  analgesia  has  had  a  renais¬ 
sance.  For  example,  studies  have  revealed  an  antinoci¬ 
ceptive  effect  of  physostigmine  and  other  cholino- 
mimetics  i.e.  oxotremorine,  in  different  animal  spe¬ 
cies®.  Centrally  administered  acetylcholine  has  also 
been  found  to  cause  antinociception,  which  was  pro¬ 
posed  to  depend  on  the  activation  of  descending 
pathways®. 


‘Hospital  Pharmacy,  Departments  of  ^Neurology  and  ‘Anesthesiol¬ 
ogy,  University  Hospital,  5-751 85  Uppsala  and* ASTRA  Research 
and  Development  Laboratories,  Sddertitlje,  Sweden. 


The  aim  of  this  article  is  to  review  the  present 
knowledge  of  cholinergic  mechanisms  for  pain  and 
analgesia.  Experimental  studies  in  animals  using  differ¬ 
ent  pain  models  will  be  discussed  as  well  as  effects  on 
antinociception  after  spinal  application  of  cholinest¬ 
erase  inhibitors  and  cholinergic  agonists.  Interaction 
with  spinal  cholinergic  antinociception  using  drugs 
active  in  other  pain  modulatory  pathways  will  be 
described  as  well  as  autoradiography  on  the  localiz¬ 
ation  of  cholinergic  tracts  in  the  spinal  cord.  Clinical 
studies  using  cholinomimetic  drugs  are  at  a  very  early 
stage,,  but  interesting  clinical  '■esults  have  been  repor¬ 
ted,  particularly  in  patients  with  neurogenic  pain 
states. 

.Animal  studies 

Antinociceptive  studies  in  animals 
The  tests  fer  antincciception  in  animal  models 
usually  involve  the  study  of  the  latency  time  of  a  motor 
response  to  thermal,  mechanical,  electrical  or  chemical 
stimuli  considered  to  cause  pain®.  A  delay  in  a 
withdrawal  response  is  not  necessarily  a  consequence 
of  analgesia,  but  may  be  caused  by  a  motor  effect  or 
excessive  sedation,  making  the  animal  unable  to  react. 
The  effect  on  motor  performance  is  parlicularly  crucial 
in  studies  of  spinal  cholinomimetic  drugs  due  to  the 
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existence  of  cholinergic  pathways  in  the  a-motor- 
neuron  area  of  the  spinal  cord.  It  is  therefore  hazardous 
to  extrapolate  conclusions  from  experiments  on  noci¬ 
ceptive  thresholds  in  animals  to  the  complex  pain 
behaviour  in  humans.  Nevertheless,  studies  in  animals 
are  useful  for  investigating  compounds  of  potential 
interest  as  analgesic  agents,  and  for  determining  their 
mechanisms  of  action.  Several  models  for  antinocicep¬ 
tive  testing  have  been  used  throughout  these  studies. 
In  the  hot  plate  test,  the  response  latency  for  a  rat  to  lick 
its  hindpaw  after  having  been  placed  on  a  hot  metal 
surface  is  recorded.  This  response  is  considered  to 
require  the  involvement  of  both  spinal  and  supraspinal 
structures.  The  tail  flick  test,  i.e.  the  response  latency  of 
the  animal  to  withdraw  its  tail  from  radiant  heat 
produced  by  a  beam  of  light  focused  on  the  tail,  is 
suggested  to  reflect  a  segmental  spinal  reflex.  Thirdly, 
the  tail  immersion  test,  where  the  tail  of  the  rat  is 
immersed  in  hot  water,  produces  a  lower  intensity  of 
stimulus  which  increases  more  slowly  as  compared  to 
the  tail  flick  test.  This  may  represent  a  more  physiologi¬ 
cal  nociceptive  stimulation  allowing  the  experience  of 
fast  and  slow  pain,  as  well  as  endogenous  modulation 
of  the  afferent  stimuli. 

Antinociception  induced  by  spinal  acetylcholine 
esterase  inhibitors 

Physostigmine.  In  studies  carried  out  in  our  laboratory, 
intrathecal  administration  of  physostigmine  to  rats 
produced  a  dose-related  inaease  in  response  latency  in 
the  tail  immersion  test  in  the  dose  range  1-20  pg^.  A 
statistically  significant  increase  in  latenq’  time  as 
compared  to  placebo  was  measured  following  15  pg  of 


Fig  1.  Tail  immersion  latencies  (ordinate  s,  mean  ±  se)  after 
intrathecal  administration  of  physostigmine  15  pg  (•)  com¬ 
pared  with  clonidine  lOpg  and  physostigmine  fSppf*).  n  =  6 
in  hath  treatment  groups.  *p  =  0.05  Taken  from  Ref.  8  with 
permission  from  Acta  Anaesihesiol  Scand. 


intrathecal  physostigmine  (Fig.  1).  The  effect  of  spinal 
physostigmine  was  of  short  duration  and  no  antinoci¬ 
ceptive  effect  was  seen  after  90  min.  The  antinocicep¬ 
tion  was  attenuated  after  intrathecal  administration  of 
the  muscarinic  receptor  antagonist  atropine.  This  indi¬ 
cates  that  spinal  antinodeeption  in  the  rat  is  mediated 
by  muscarinic  cholinergic  receptors^.  On  the  other 
hand,  intrathecal  physostigmine  did  not  produce  any 
change  in  the  latency  times  in  the  hot  plate  tesF. 

THA.  The  reversible  choline  esterase  inhibitor  9- 
aminotetrahydroacridine  (THA)  has  been  used  in  clin¬ 
ical  anesthesia  as  a  ventilatory  stimulant  and  for  the 
prolongation  of  neuromuscular  blockade  of  sucdnyl- 
choline®.  Studies  have  also  shown  THA  to  be  effective 
as  an  adjunct  to  morphine  in  the  treatment  of  intract¬ 
able  pain  states’,  h  is  a  well-known  cholinesterase 
inhibitor  with  central  effects”.  A  degree  of  nicotine 
receptor  agonist  activity  has  also  been  suggested*'  and 
THA  has  recently  been  reported  to  antagonize  the 
N-methyl-D-aspartate  (NMDA)  receptor  complex'^. 
The  effects  on  these  different  receptors  in  the  spinal 
cord  is  not  known.  In  our  studies  m  the  rat  THA  did  not 
produce  any  increase  in  latency  times  in  the  tail 
immersion  test  following  spinal  adminstiation  (Fig.  1) 
On  the  other  hand,  a  significant  decrease  in  total  motor 
activity,  rearing  and  locomotion  was  measured'^.  The 
moto'  effects  were  attenuated  with  atropine  whereas 
the  nicotine  receptor  antagonist  mecamylamine  had  no 
effect  on  the  deaeased  motor  effects.  This  suggests  that 
these  effects  were  mediated  primarily  by  muscarinic 
receptors. 

Neostigmine.  Neostigmine  is  a  reversible  cholinest¬ 
erase  inhibitor  containing  a  quaternary  ammonium 
functional  group  and  is  slowly  eliminated  from  the 
intrathecal  space  probably  due  to  its  hydrophilic 
character.  Consequently,  intrathecal  neoshgmine  in 
the  rat  gave  rise  to  an  increase  in  latency  times  that  was 
of  much  longer  duration  than  that  for  physostigmine. 
After  'hree  hours  a  profound  effect  could  still  be  seen. 
The  effects  were  promptly  antagonized  by  atropine^. 
The  long  duration  of  effect  following  spinal  administra¬ 
tion  was  also  evident  using  the  hot  plate  and  the  tail 
flick  tests  (Post,  C.  et  at.,  unpublished). 

Antinociception  by  carbachol 
Carbachol  is  a  quaternary  ammonium  compound 
with  agonistic  effects  on  muscarinic  receptor.  Owing  to 
the  hydrophilic  properties  of  carbachol  it  may  a  have  a 
long  duration  of  action  after  intrathecal  administration. 
A  dose-dependent  increase  of  nociceptive  reaction 
times  was  evident  following  spinal  administration  of 
carbachol  in  the  dose  range  2.5-15  gg  (Ref.  14).  At  doses 
of  20  gg  and  above  motor  impairment  was  pronounced. 
The  antinociceptive  effect  was  antagonized  with  atro¬ 
pine,,  and  with  either  pirenzepine  or  AF-DX  116  (Ref. 
14),  which  are  selective  Mi  and  Mj  muscarinic  antag- 
onistc  rpuppctively.  Spinal  analgesia  bv  carbachol  in 
the  rat  is  at  present  thought  to  be  mediated  through 
both  Ml  and  M2  muscarinic  receptors.  However,  a 
selective  Mi  receptor  agonist  might  be  advantageous 
since  it  would  produce  spinal  analgesia  without  motor 
impairment'^. 
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Other  muscarinic  receptor  agonists  have  been  tested 
for  antinociceptive  effects  after  spinal  administration  in 
the  rat.  High  doses  of  the  muscarinic  receptor  agonist 
McNeil-A-343  produced  very  prolonged  latency  times 
in  the  tail  immersion  test.  Pilocarpine  produced  only  a 
small  inaease  in  tail  immersion  latencies  together  with 
vigorous  scratching  in  most  animals.  The  saatching 
effect  was  attenuated  with  pirenzepine.  (Gillberg,  P.G. 
et  al.,  unpublished).  Others  have  shown  antinocicep¬ 
tive  response  of  other  cholinomimetics  e.g.  oxotrem- 
orine  after  spinal  doses  to  the  rat’®. 

Behavioral  effects  of  nicotinic  receptor  agonists  given 
spinally 

The  behavioral  effects  including  antinociception, 
locomotion,  rearing  and  total  activity  have  been  evalu¬ 
ated  after  intrathecal  administration  in  the  rat  of 
nicotine  and  the  nicotinic  receptor  agonist  cytisine’^. 
No  significant  increase  in  latency  times  in  the  tail 
immersion  test  was  observed  after  lucotine  whereas 
cytisine  caused  a  small  increase.  Cytisine  reduced  total 
activity  and  locomotion  shortly  after  the  dose  was 
given,  whereas  nicotine  did  not  affect  these  paramet¬ 
ers.  Tlie  administration  of  nicotine  and  cytisine  was 
also  associated  with  aversive  effects  such  as  gnawing 
and  vocalization.  These  effects  were  completely 
blocked  by  the  nicotinic  receptor  antagonist,  mecamy- 
lamine'3.  In  summary,  nicotinic  cholinergic  receptors 
do  not  seem  to  be  involved  in  spinal  antinociception. 
However,  the  blockade  by  mecamylam.ine  of  the 
aversive  effects  of  nicotine  and  cytisine  may  indicate  a 
role  for  nicotinic  receptors  in  afferent  sensory  trans- 
mission>3. 

The  architecture  of  the  spinal  cord  studied  with 
autoradiography 

Autoradiographic  studies  have  dc.monstrated  tl;e 
existence  of  muscarinic  receptors  in  substantia  gelatl- 
nosa  of  the  spinal  cord'^'s  as  well  as  a  cholinergic 
mterneuron  located  in  the  dorsal  horn  S19,  a  key  locus 
for  the  transmission  of  pain  in  the  spinal  cord.  In  the 
dorsal  horn,  the  muscarinic  receptors  are  of  Mi  and 
'non-Mi'  types  in  about  equal  numbers'®-'^.  In  the 
cf-motor  neuron  area  muscarinic  receptors  are  rep¬ 
resented  as  well  and  are  predominantly  'non-M]'*®-’^. 
Lesion  studies  indicate  that  muscarinic  receptors  in  the 
spinal  dorsal  horn  have  a  localization  on  the  nerve 
terminals  of  the  primary  afferent,  since  lesioning  of  the 
primary  afferent  by  dorsal  rhizotomies  leads  to  a  rapid 
loss  of  muscarinic  receptors  in  this  area’®.  Further 
evidence  for  a  presynaptic  localization  on  the  afferent 
neuron  was  that  the  number  of  cholinergic  receptors  in 
the  spinal  dorsal  horn  was  unaffected  after  hemisec- 
tions  of  the  spinal  cord’®.  It  is  thus  not  likely  that  the 
muscarinic  receptors  are  located  presynaptically  on 
descending  spinal  neuronal  terminals. 

In  addition  to  muscarinic  receptors,  enkephalinergic, 
noradrenergic^®  and  serotoninergic^’  terminals  have 
been  shown  to  be  present  in  the  spinal  dorsal  horn 
Cholinergic  receptor  agonism  may  have  a  direct  effect 
on  spinal  antinociception  but  seems  also  to  interact 
with  these  other  pathways  in  the  spinal  cord. 

Nicotinic  receptors  have  been  localized  using  a-bun- 
garotoxin  to  both  the  ventral  and  dorsal  horns  of  the  rat 
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Fig  2  Antinociceptive  effects  (mean  ±  s.e.,n  =  6)  measured 
as  taif  immersion  latencies  (ordinate)  in  the  rat  following  twice 
daily  intrathecal  injeclion  of  carbacho!  15  ng  (solid  bars)  and 
saline  (open  bars)  lor  lour  days.  Thereafter  the  carbachot- 
tolerant  'ats  were  given  an  injection  of  morphine  lOpg  and  the 
tail  immersion  latency  ivas  measured. 


spinal  cord’®.  Acetylcholine  binding  to  nicotinic  recep¬ 
tors  in  man  and  cat  on  the  other  hand,  has  only  been 
found  in  the  dorsal  horn  and  around  the  central  canal, 
lamina  X  (ReL  21).  These  regions  transmit  sensory 
information  to  the  brain  and  receive  terminals  from  the 
descending  pain  inhibitory  tracts.  As  indicated,  nico¬ 
tinic  receptor-mediated  effects  after  intrathecal  doses 
are  probably  not  of  significance  for  antinociception  but 
might  be  of  importance  for  other  modalities  of  afferent 
sensory  transmission. 

Inteiaction  with  the  spinal  cholinergic  pathways 

Using  the  tail  immersion  test  in  the  rat  an  additive 
antinociceptive  effect  was  produced  after  intrathecal 
administration  of  physostigmine  and  the  adrenoceptor 
agonist  clonidine  (Fig.  zy.  The  antinociception  induced 
by  physostigmine  was  attenuated  with  the  adreno¬ 
ceptor  blocker,  phentolamine.  Conversely,  atropine 
attenuated  the  increased  tail  immersion  latencies  pro¬ 
duced  by  clonidine^.  Furthermore,  in  animals  pre¬ 
treated  intrathecally  with  6-hydroxydopamine  leading 
to  a  selective  lesioning  of  noradrenaline  terminals, 
intrathecally  injected  physostigmine  did  not  produce 
any  nociceptive  response’’. 

Analgesia  induced  by  intrathecally  administered 
morphine  is  attenuated  with  atropine^.  Thus,  a  com¬ 
plex  system  of  interaction  of  spinal  pathways  in  the 
processing  of  pain  has  to  be  considered .  At  present,  the 
organization  of  these  interactions  is  not  known.  One 
possible  explanation  for  the  interaction  between  spinal 
noradrenergic  and  cholinergic  spinal  tracts  is  the 
nf  «  cbolinofgfc  int^rnourop.  possible 
relevance  to  antinociception,  located  in  the  dorsal 
horn’".  This  cholinergic  interneuron  may  hypotheti¬ 
cally  receive  excitatory  input  from  descending  nor¬ 
adrenergic  pathways  involved  in  the  modulation  of  the 
transmission  of  nociceptive  input.  This  interneuron 
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Fig  3  Analgesic  effect  in  the  early  postoperative  period 
expressed  as  the  relative  change  of  pain  (ordinate)  assessed 
by  the  patient  in  the  early  postoperative  period  following 
intravenous  physostigmine  salioylate  2  mg  ( — pethidine 

chloride  50  mg  ( - )  and  placebo  ( — )  n  =  20  m  each 

treatment  group.  Fteproduced  from  Ftef.  27  with  permission 
from  Acta  Anaesthesiol  Soand. 


may  also  be  involved  in  spinal  opioid  pain  inhibition 
since  opioid  antinocicepfion  is  augumented  by 
atropine^.  Clonidine  may  also  interfere  with  central 
cholinergic  systems  in  at  least  three  ways“.  Firstly,, 
clonidine  might  be  agonistic  at  presynaptic  a2-receptors 
located  on  cholinergic  neurons,  resulting  in  an  inhibi¬ 
tion  of  acetylcholine  release  from  cholinergic  nerve 
terminals.  Secondly,  clonidine  has  been  suggested  to 
block  muscarinic  receptors.  Both  of  these  effects  would 
decrease  the  physostigmine  effect.  Thirdly,  clonidine  is 
suggested  to  be  an  acetylcholinesterase  inhibitor  in 
itself,  which  would  promote  cholinergic  antinocicep¬ 
tion.  The  net  effect  of  clonidine  interactions  in  spinal 
pathways  for  analgesia  is  at  present  not  obvious^. 

Crosstolerance  to  analgesia  in  carbachol-tolerant  rats 
A  study  has  been  carried  out  to  assess  whether  rats 
tolerant  to  the  antinociceptive  effects  of  spinal  carba- 
chol  would  demonstrate  cross-tolerance  to  morphine 
(Fig.  3)  and  to  guanfacine,  a  selective  a:2-adrenoceptor 
agonist  (Post,  C.  et  al,  unpublished).  The  spinal  cords 
were  also  examined  post-mortem  by  autoradiography 
for  alterations  of  binding  to  cholinergic,  noradrenergic 
and  opioid  receptors.  Tolerance  to  the  antinociceptive 

effect?  cf  SpinsI  CurbaChol  uCVClOpcu  miu 

complete  on  the  fourth  day  of  injection.  After  intra¬ 
thecal  administration  of  guanfacine  or  morphine  to 
carbachol  tolerant  rats  an  antinociceptive  effect  was 
measured,  which  was  similar  to  that  seen  in  drug-naive 


animals.  Autoradiography  revealed  a  significant  de¬ 
crease  of  cholinergic  receptor  binding  as  visualized 
with  [3HJ-methyl-QNB  in  the  spinal  dorsal  horn  of 
carbachol  tolerant  animals.  Furthermore,  downregula- 
hon  of  noradrenergic  binding  in  the  ventral  horns  and 
of  opioid  receptor  binding  in  the  dorsal  horns  was  also 
observed. 

Neurotoxicity  to  the  spinal  cord  of  cholinomimetic 
drugs 

Morphologic  studies  of  possible  neurotoxic  effects  of 
cholinergic  drugs  on  the  spinal  cord  have  been  carried 
out  following  large  intrathecal  doses  to  rats  daily  for  14 
days.  The  morphology  of  the  dissected  spinal  cords 
was  examined  by  light  and  electron  microscopy  and 
evaluated  by  morphometric  methods.  Chronic 
intrathecal  administration  of  carbachol  to  rats  produced 
no  structural  changes  on  the  spinal  cord  (Gordh,  T.  et 
al.,  unpublished).  Preliminary  data  showed  that 
intrathecally  administered  carbachol  produced  an 
increased  spinal  cord  blood  flow.  Additional  informa¬ 
tion  must  be  collected,  however,  before  clinical  studies 
with  intrathecal  injection  of  carbachol  can  be  recom¬ 
mended. 

Clinical  studies 

Analgesic  effect  of  physostigmine  in  the  early  post¬ 
operative  period 

Studies  in  humans  of  the  analgesic  effect  of  cholino¬ 
mimetic  drugs  have  been  almost  purely  experimental. 
However,  it  has  been  shown  that  both  oral  and 
parenteral  administration  of  physostigmine  and  THA 
in  selected  patients  rendered  good  analgesia  and 
potentiated  the  effects  of  opioids^'^'*’^^.  Therefore,  a 
double  blind  trial  was  pursued  to  assess  the  analgesic 
and  antisedative  effects  of  2  mg  i.v.  physostigmine  in 
surgical  patients  in  the  first  postoperative  hours^?. 
Pethidine,  50  mg,  and  placebo  were  included  for 
comparative  purposes.  The  degree  of  pain  and  sedation 
was  estimated  when  the  patient  demanded  analgesia 
and  immediately  before  administration  of  the  test  drug 
In  addition,  ventilatory  rate  and  side  effects  were 
monitored.  The  results  showed  that  physostigmine 
caused  analgesia  that  was  of  the  same  magnitude  as 
pethidine  during  the  first  15  min  after  which  it 
decreased  to  the  level  of  placebo  (Fig.  3).  An  antagonis¬ 
tic  effect  of  physostigmine  on  postoperative  sedation 
was  recorded  over  a  somewhat  longer  time  period.  In 
contrast  to  pethidine,  physostigmine  caused  no  de¬ 
crease  in  ventilatory  rate.  Although  the  duration  of 
arousal  and  analgesic  effects  of  physostigmine  was 
short  the  use  of  physostigmine  was  suggested  to  be 
preferable  to  the  use  of,  for  example,  naloxone  when  an 
immediate  alertness  of  the  patient  is  wanted  without 
causing  an  increase  in  postoperative  pain.  The  arousal 
effect  of  the  combination  physostigmine  and  naloxone 
postopera tively  has  also  been  confirmed  in  a  large  scale 
study^. 

The  short  duration  of  action  of  intravenous  physo- 
siigminu  was  paraiieied  by  a  rapid  plasma  eiimina- 
fion^.  An  elimination  half-life  of  about  22.  min  was 
estimated.  An  infusion  dosage  regimen  of  physostig¬ 
mine  was  tried  in  postoperative  patients  in  order  to 
prolong  the  drug  action  in  the  postoperative  patient. 
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However,  the  arousal  effect  was  considered  no  better 
than  after  an  intravenous  bolus  dose  of  physostig- 
mine^®. 

Cholinergic  drugs  in  the  treatment  of  severe  neuro¬ 
genic  pain 

Studies  have  shown  that  both  subcutaneous  and  oral 
physostigmine  produce  pain  relief  in  central  neuro¬ 
genic  pain.  An  analgesic  effect  with  a  peripheral  site  of 
action  has  been  suggested^®  since  some  patients  with 
causalgia  had  good  pain  relief  following  administration 
of  regional  cholinesterase  inhibitors  and  also  after 
intravenous  neostigmine  which  is  believed  not  to 
penetrate  the  blood-brain  barrier.  Oral  physostigmine 
has  been  tested  with  good  results  in  selected  patients. 
The  oral  bioavailability  of  physostigmine  is  25% 
(Ref.  29). 

Oral  distigmine  bromide  was  shown  to  produce 
significant  analgesia  in  patients  suffering  from  thalamic 
pain  (Hampt,  G.,  unpublished).  Furthermore,  addition 
of  distigmine  improved  analgesia  from  amitriptyline  in 
certain  chronic  pain  states  and  deaeased  side  effects. 

9-Aminotetrahydroacridine,  THA,  has  been  used  for 
the  relief  of  pain  and  to  potentiate  morphine  analgesia 
in  intractable  pain  states®.  The  presumed  advantage  of 
THA  over  physostigmine  is  longer  duration  of  action 
due  to  a  slower  plasma  elimination.  Recently  a  phar¬ 
macokinetic  study  in  humans  of  THA  was  conducted*’. 
As  for  other  cholinesterase  inhibitors  the  clearance  was 
high  with  a  resulting  plasma  elimination  half-life  in  the 
range  70-200  min.  The  oral  bioavailability  was  low  with 
a  mean  of  17%  (Ref.  31).  THA  effects  were  also  studied 
in  a  group  of  postoperative  patients,  but  the  doses  used 
did  not  result  in  any  significant  analgesia  (Hartvig,  P.  et 
at.,  unpublished). 

Conclusions 

There  are  strong  indications  that  muscarinic  acetyl¬ 
choline  receptor  mechanisms  play  a  key  role  in  pain 
management.  Analgesia  following  the  systemic  admin¬ 
istration  of  such  cholinesterase  inhibitors  as  physostig¬ 
mine  and  THA  has  been  demonstrated  in  postoperative 
pain  and  in  cancer  patients.  Studies  indicate  an 
analgesic  effect  of  physostigmine  and  distigmine  in 
central  neurogenic  pain  and  in  cases  of  causalgia.  The 
spinal  route  of  administration  for  muscarinic  receptor 
agonists  is  of  particular  interest  due  to  the  good 
antinociceptive  effect  with  long  duration  in  the  rat. 
Another  interesting  approach  is  the  combination  of 
agonists  for  different  receptor  types  to  potentiate  the 
antinodception.  Further  experimental  and  clinical  stud¬ 
ies  are  necessary  in  order  to  increase  our  insight  into  the 
neuronal  interactions  behind  spinai  analgesia.  It  is 
obvious,  however,  that  cholinergic  mechanisms  may 
play  an  important  role  in  this  complex  scheme. 
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Muscarinic  receptor  subtypes  in  human 
neurodegenerative  disorders:  focus  on 
Alzheimer’s  disease 

Remi  Quirion,  Isabelle  Aiibert,  Paul  A,  Lapchak,  Robert  P, 
Schaum,  Stefan  Teolis,  Serge  Gauthier  and  Dalia  M.  Aiaujo 

Much  evidence  has  clearly  recialed  the  existence  of  marked  cholinergic  defic.  's  in  cortical  and  hippocampal 
areas  in  Alzheimer's  disease.  Although  not  necessarily  of  etiological  origin,  these  deficits  have  been  associated 
with  learning  and  memory  disabilities  observed  in  this  neurogenerative  disorder.  We  report  here  that  in 
addition  to  deficits  in  choline  acetyltransferase  (CliAT)  activity,  the  maximal  densities  of  high  affinity 
mUacetylcholine  and  PHJAF-DX  116  (possibly  MJ,  but  not  M/  muscarinic  receptor  binding  sites  are 
decreased  in  cortex  and  hippocampus  in  Alzheimer's  disease.  Similar  findings  are  also  observed  in 
Parkinson 's  disease  with  Alzheimer 's  type  dementia.  Additionally,  animal  studies  suggest  that  a  population 
of  M2  receptors  is  presynaptically  located  on  cholinergic  nerve  terminals  where  they  can  act  as  negative 
autoreceptors  to  decrease  acetylcholine  release.  Interestingly,  blockade  of  these  sites  facilitates  acetylcholine 
release  and  learning  in  rats.  This  may  be  relevant  for  the  design  of  more  appropriate  therapeutic  approaches 
toward  the  treatment  of  certain  symptoms  of  Alzheimer's  disease. 


It  has  recently  become  evident  that  neurochemical 
deficits  observed  in  Alzheimer's  disease  (AD)  are 
varied  and  complex’-^.  Por  example,,  alterations  in 
various  monoaminergic  and  neuropeptide  systems 
have  been  reported'-^.  However,  it  is  clear  that  the  most 
consistent  findings  are  related  to  deficits  observed  in 
forebrain  cholinergic  and  somatostatin  neuronal  mark¬ 
ers.  Other  deficits  are  most  likely  seen  only  in  advanced 
stages  of  the  disease  and/or  in  certain  AD  subtypes. 
Consequently,  most  stuuies  have  focused  on  the 
possible  role  of  brain  cholinergic  neurons  in  the  clinical 
features  of  AD. 

Multiple  neuropathological  and  neurochcmicai  data 
have  revealed  that  the  nucleus  basalis  of  Meynert 
(nbm)-cortical,  and  septo-hippocampal  cholinergic 
pathways  are  most  affected  in  AD  (for  example,  see 
Refs  3  and  4).  Since  it  is  difficult  to  determine  accurately 
acetylcholine  (ACh)  levels  in  post-mortem  tissue,  most 
studies  have  monitored  the  activity  of  the  enzyme 
choline  acetyltransferase  (ChAT)  as  an  index  of  chol¬ 
inergic  nerve  activity*-*.  Cholinergic  receptors  of  the 
muscarinic  and  nicotinic  subtypes  have  also  been 
investigated  as  additional  markers  of  the  integrity  of 
the  cholinergic  synapse  in  AD.  While  most  studies  have 
reported  marked  decreases  in  the  densities  of  nicotinic 
receptors  in  cortical  and  hippocampal  areas  in  AD 
brains^,  no  clear  consensus  has  been  reached  for 
muscarinic  sites^'®"’^.  This  may  be  related  to  the  use  of 
non-selective  ligands,  at  a  single  concentration,  making 
it  difficult  to  differentiate  between  changes  in  affinities 
(ffd)  and  maximal  number  of  sites  (B,na»).  It  is  also  likely 
that  the  existence  of  multiple  brain  muscarinic  receptor 
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subtypes  may  have  been  a  confounding  variable  in  this 
regard. 

Recently,  we  began  a  detailed  study  of  muscarinic 
receptor  subtypes  in  various  cortical  and  sub-cortical 
areas  in  AD  brain  tissues.  Demented  (Parkinson's 
disease  with  AD  or  PD/AD)  and  non-demented  Parkin¬ 
sonians  were  also  studied  for  comparison.  In  all  cases, 
complete  saturation  analyses  were  performed  using 
selective  ligands  such  as  [^Hlpirenzepine  for  the  Mj 
subtype*-*  and  PH]ACh8.*5  and  PH]AF-DX  116*«  for  the 
M2  sites.  The  possible  respective  roles  of  these  mus¬ 
carinic  receptor  populations  were  also  investigated 
using  a  variety  of  neurodiemical  and  behavioral  para¬ 
digms. 

Cholinergic  markers  in  various  neurological  disorders 
ChAT  activity 

As  previously  reported,  ChAT  activity  is  markedly 
decreased  in  various  cortical  areas,  hippocampus  and 
nbm  in  AD  brains*-®  (Table  1).  In  contrast,  ChAT 
activity  is  not  affected  in  the  striatum  and  thalamus  in 
this  disease  (Table  1).  A  similar  pattern  is  also  obsen'ed 
in  PD/AD  brains,  even  though  the  decrements  in  ChAT 
activity  are  not  as  marked  as  in  AD  alone  (Table  I).  This 
could  be  related  to  the  relatively  less  advanced  stage  of 
the  dementia  of  the  AD  type  in  the  PD/AD  patients 
(Robitaille  et  al.,  unpublished). 

Rather  surprisingly,  ChAT  activity  is  also  decreased 
in  frontal  and  temporal  cortices  in  nondemenled  PD 
brains  (Table  I).  However,  ChAT  activity  is  normal  in 
the  striatum  and  thalamus  (Table  1).  Similar  results 
have  recently  been  reported  by  others’^'*®  suggesting 
ihdi  alterations  in  CliAl  activity  may  precede  clinically 
diagnosed  dementia  in  these  patients.  Moreover,  the 
relative  preservation  of  hippocampal  ChAT  activity 
(Table  I)  may  also  be  related  to  the  apparent  lack  of 
dementia  observed  in  these  PD  patients. 

It  is  also  of  interest  to  note  that  alterations  in  ChAT 
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TABLE  I  Choline  acetyltransferase  activity  (ChAT)  in  human  brain 


CHAT  activity  (nmol  ACh/mg  protein/h) 


Area 

control 

AD 

PD/AD 

P'J 

Cortical 

Frontal  cortex 

66±07 

2  2  ±0.3“ 

4  7  ±  0  9= 

'•  3  ±  0  9= 

Temporal  cortex 

68  +  0.9 

1  9  ±  0  3’ 

4.2  ±0  7= 

3  2  ±  0  8= 

Occipital  cortex 

29  +  05 

1.9  ±0.2= 

Hippocampus 

14  1  ±  1  8 

65x10= 

9  3  ±  2.2= 

11.0±2b 

Subcortical 

Striatum 

38.4  ±43 

38  8  ±  4  1 

433±99 

368±79 

Thalamus 

18.5  ±3.2 

22,2±3  0 

140x2.1 

14.3  ±  *  5 

All  assays  were  performed  in  duplicates  Data  are  means  +  s  e  values  from  six  brains  in  each  group  for  PD/AD  and  PD,  and  from  1 7 
brains  in  each  group  for  control  and  AD.  Same  brains  were  used  for  binding  assays,  *p  <  0  001,  •’p  <  0  01  and  'p  <  0  05 
compared  with  controls 


activity  in  cortical  areas  in  AD  brains  are  highly 
correlated  to  losses  of  nicotinic  ACh  receptor  sites’*. 
This  suggests  that  nicotinic  receptors  are  directly 
located  on  cholinergic  nerve  terminals  in  these  brain 
regions.  In  fact,  we  have  recently  shown  that  these  sites 
most  likely  function  as  'positive'  autoreceptors  that 
insure  the  maintenance  of  constant  basal  levels  of  ACh 
in  the  synaptic  environment'^. 

Mi  muscarinic  receptors 

Using  [^Hlpirenzepine  as  a  relatively  selective  Mj 
ligand,  it  was  found  that  Mj  receptor  binding  para 
meter.s  are  generally  unaltered  (certainly  not  de¬ 
creased)  in  AD  brains®.  As  shown  in  Table  II,  slight 
inaeases  in  PHJpirenzepme  binding  are  found  in  the 
hippocampus  and  striatum  while  binding  is  normal  in 
all  other  areas.  Similar  results  are  obtained  in  PD/AD 
brain  tissues,  although  the  increase  in  (^HJpirenzepine 
binding  did  not  reach  statistical  significance  in  the 
hippocampus  (Table  II).  In  PD  brains,  we  observed  a 
significant  decrease  in  the  density  of  Mj  sites  in  the 
frontal  cortex  while  binding  in  other  regions  was 


unaltered  (Table  II).  Thus,  it  seems  that  the  density  of 
Ml  receptor  sites  is  differenhally  al'eied  in  AD  and  PD 
brain  tissues.  Finally,  it  is  also  of  interest  to  note  that  no 
correlation  is  found  between  changes  in  ChAT  activity 
and  Ml  receptor  binding  parameters  in  AD  brains 
(Fig.  1). 

M2  muscarinic  receptors 

Due  to  the  absence  of  highly  selective  ligands,  it  has 
been  more  difficult  to  characterize  other  brain  mus¬ 
carinic  receptor  sites.  Thus,  various  radioligands  and 
incubation  conditions  have  been  used  in  an  attempt  to 
selectively  label  non-Mi  sites,  including  [®H]QNB  or 
(®HjN-methylscopolamine  in  the  presence  of  Mi  block- 
ers'o.'4,20,  [3HJoxotremorine-M'-''7''  [^HJACh®  '®  and 
more  recently,  (®H)AF-DX 

On  the  basis  of  [®H]ACh  ligand  selectivity  pattern 
and  receptor  distribution®  '®'^'’'  we  chose  *’>  use  this 
ligand  as  a  probe  for  the  determination  of  M2  reetj-'or 
binding  parameters  in  human  brain.  As  shown  in  Table 
III,  the  densities  of  [®KjACh  sites  are  markedly  de¬ 
creased  in  various  cortical  areas  and  the  hippocampus 


TABLE  II  [^HjPirenzepine/M,  binding  parameters  in  human  brain 


fCjfOM)  Bm,x(fmol/mg  protein) 


Area 

control 

AD 

PD.'AD 

PD 

control 

AO 

PD/AD 

PD 

Cortical 

Frontal  cortex 

137+  1  8 

16  2  ±3,2 

12.0+1  1 

100±  1.8 

408  ±  59 

366  ±  32 

405  ±60 

242  +  51= 

Temporal  cortex 

12.6±1,6 

15  1  ±  2.8 

96±1.5 

13  8  ±4.9 

365  ±32 

41 1  ±  53 

596  ±195 

376  ±60 

Occipital  cortex 

19  6  ±2.7 

15.9±2  3 

— 

— 

419  ±60 

305  ±  51 

— 

— 

Hippocampus 

117  +  28 

17.6±33 

10.6  ±1  7 

10.5  ±2.1 

258  ±  39 

363  ±19= 

333  X  87 

177  +  51 

Subcortical 

Striatum 

1 7.8  ±4.3 

17.1  ±3.5 

12.2±19 

14.3  +  48 

466  ±37 

716  ±57“ 

883  ±147= 

587  +  85 

Thalamus 

346±62 

39.4  ±6.1 

- 

- 

443  ±  39 

465  ±37 

— 

Data  are  derived  from  complete  saturation  analysis  Nonspecific  binding  in  the  presence  of  1  0  hm  atropine  has  been  subtracied 
from  all  values®  Results  represent  the  maximal  binding  capacity  (Bn,.,*)  and  apparent  dissociation  constant  (H'a)  for  CHJpirenzapir.e 
binding  and  are  expressed  as  the  mean  +  s  e  from  six  brains  in  each  group  for  PO/AD  and  PO,  and  from  iTb  ainsineachgroupfor 
control  and  AD  Same  brains  were  used  for  ChAT  and  (®H)ACh  binding  assays  «p  <  0  001,  "p  <  0  01  and  ‘p  <  0,05  compared 
with  controls. 
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MAXIMAL  DENSITY  OF  SITES  (imol/mgpiotem) 


Fig  1.  Relationship  between  ChAT  activity  and  maximal  density  CSmaJ  ol  miiscetinic  receptor  sites  in  Alzheimer's  disease  (AD) 
ChAT  activity  m  the  frontal  cortex  (A.  B),  temporal  cortex  (C,  D)  and  hippocampus  (B.  F)  of  eight  AD  brains  was  measured  and 
plotted  against  the  Sms*  of  [^HJacetylcholme  (top  row)  and  PHjpirenzepine  (M,)  (brottom  row)  binding  in  these  areas  The 
signifioance  of  the  correlation  between  ChAT  activity  and  the  Bmu  of  ihe  iigand  in  eacn  area  was  assessed  using  Pearson's 
correlative  coefficient.  Correlations  between  ChAV(^]ACh  binding  m  frontal  (r  =  0.86.  dl--6,p  <00 1)  and  temporal  (r  =  0  88.  df 
=  6,  p<0.01)  cortices,  and  hippocampus  (r = 093,dt=6,p<0001)  wete  highly  significant.  No  correlation  was  observed  between 
ChAT/M,  binding  in  frontal  (r  =  ~Q.f4.al  =6,p>0  76)  and  temporal  (r-^O  13. 01°  6,  p>0. 77)  cortices  and  the  hippocampus  (r 
»  -0  06.  df  =  6,  p>  0.89).  Modified  from  Arau‘,o  ei  al.**.  with  permission 


in  AD.  '■'HlACh  binding  in  subcortical  areas  like  the  might  be  located  presynaplically,  thus  explaining  their 

thalamus  and  the  striatum  is  not  modified  (Table  111)*  diminution  in  selected  areas  of  AD  brain  tissues'".  As 

This  confirms  results  reported  earlier  by  Mash  el  al.,  shown  in  Fig.  1,  we  found  a  highly  positive  correlation 

who  used  other  assay  conditions'".  Moreover,  these  between  alterations  in  ChAT  activity  and  ["HJACh 

authors  had  also  suggested  that  this  population  of  sites  binding  sites  in  frontal  and  temporal  cortices,  and  in 

TABLE  li!  (3H]ACh  binding  parameters  in  human  brain 


fQ(nM)  Bmsiffrnol/rngprote'n) 


Area 

control 

AO 

PD/AD 

PD 

control 

AD 

PO/kO 

PD 

Cortical 

Frontal  cortex 

5.6  ±0.8 

7.312.1 

54  +  3.3 

37  +  09 

22.811.4 

11  6  +  1  5® 

8  314  2® 

8,8  +.  2.80 

Temporal  cortex 

66±1.9 

4.711.6 

5.0 +  2.9 

3.9+1  6 

303+1.6 

17  1  1 1.8® 

100  +  524 

8  2  A  2  04 

Occipital  cortex 

4.8+1  0 

5.4  10.7 

— 

24.9  +  1.4 

16  8+1  4» 

-- 

— 

Hippocampus 

7.7  ±  2.4 

88127 

63  +  24 

43+16 

39.313.0 

17  1  +2C® 

130  +  694 

9ubcprticaf 

Striatum 

88139 

10.1  1 4.7 

2.7+  1.4C 

71+27 

39  6  +  33 

42.3  +  3,4 

250+11.2 

143  +  6.94 

Thalariws 

7.6  ±2.3 

19  9  +  4.0 

— 

8.5+  1,7 

35  r  ±  3  1 

32  4  ±  2  7 

— 

b.o  ^  w 

Data  are  dewed  from  saturation  analysis  Nonspecific  binding  in  the  presen,.a  of  1  0  iiw  atropine  has  been  subtracted  from  all 
values®.  Besults.represent  the  maximal  binding  capacity  and  apparent  dissociation  constant  (Kp)  for  [’HlACh  binding  and 
are  expressed  as  the  mean  ±  s.e,  from  three  brans  in  each  group  tor  PCVAD  and  PD,  and  from  eight  brains  in  each  group  for  control 
and  AD,  Additional  brains  are  currently  being  analysed  to  match  numbeis  used  for  ChAT  and  Mj  binding  studios  *p  <  0  001, 
»p  <0.01  and  'p  <  0.05  compared  with  controls 
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the  hippocampus  in  AD  brains.  This  further  supports 
the  hypothesis  that  (^HjACh  labelled  sites  are  located 
presynaptically,  since  it  is  well  known  that  the  enzyme 
ChAT  is  present  in  cholinergic  cell  bodies  and  nerve 
terminals. 

Recently,  pH]AF-DX  116  has  been  used  as  a  more 
selective  M2  receptor  probe^'^''.  Using  this  ligand,  both 
Wang  ct  al.^  and  we^*  have  obtained  data  which  are  in 
agreement  with  those  reported  for  [^H]ACh.  Thus,  it 
seems  justified  to  conclude  that  the  density  of  M2 
receptor  sites  is  significantly  decreased  in  various 
cortical  areas  and  in  the  hippocampal  formation  in  AD 
brains. 

Similar  deaements  in  pHjACh  sites  were  also  seen 
in  cortical  areas  in  PD  and  PD/AD  brains’*  (Table  III). 
As  discussed  for  GhAT,  this  may  seem  rather  surpris¬ 
ing  in  the  case  of  PD.  On  the  other  hand,  it  could  be  that 
decreases  in  presynaptic  markers  such  as  ChAT  and 
PHJACh  sites  precede  the  appearance  of  clinical 
symptoms  associated  with  dementia’*.  Further  studies 
using  brain  tissues  obtained  at  various  stages  of  the 
disease  should  help  to  clarify  this  issue. 

Finally,  in  contrast  to  AD,  the  densities  of  PHlACh 
(Table  III)  and  PH]AF-DX  116^*  binding  sites  in  the 
striatum  are  decreased  in  PD  and,  most  likely,  in 
PD/AD  brains.  This  is  probably  due  to  the  alteration  of 
the  dopamine/ ACh  ratio  which  results  from  the  mas¬ 
sive  loss  of  dopaminergic  nerve  terminals  in  the 
striatum  observed  in  PD  and  PD/AD  brains. 

Possible  functional  roles  of  brain  muscarinic  receptor 
subtypes 

The  roles  of  the  various  brain  muscarinic  receptor 
subtypes  still  remain  to  be  fully  established.  However, 
Potter  et  alM  have  suggested  that  Mi  receptors  may 
mediate  excitatory  events  while  M2  sites  may  induce 
inhibition  by  regulating  ACh  release. 

Using  AF-DX  116  as  a  relatively  selective  M2  receptor 
antagonist,  we  have  recently  characterized  the  differ¬ 
ences  between  Mi  and  M2  muscarinic  agents  on  ACh 
release^’'.  As  shown  in  Fig.  2A,  AF-DX  116  and  atropine 
stimulate,  in  a  concentration-dependent  manner,  the 
potassium-evoked  release  of  endogenous  ACh  from  rat 
hippocampal  slices.  Similar  effects  are,  although  differ¬ 
ent  in  magnitude,  also  observed  in  frontal  cortex  and 
striatum^^.  The  relatively  selective  Mi  receptor  antag¬ 
onist  pirenzepine  and  the  M1/M3  blocker  4-DAMP  do 
not  alter  spontaneous  or  evoked  ACh  release  (Fig.  2). 
Additionally,,  AF-DX  116  and  atropine  can  reverse  the 
oxotremorine-induced  inhibition  of  evoked  ACh 
release,  while  both  pirenzepine  and  4-DAMP  are 
ineffective  (Fig.  2b).  Thus,  these  results  suggest  that 
'negative'  autoreceptors  of  the  M2  subtype  can  regulate 
ACh  releas.’  from  nerve  terminals  in  the  cortex, 
hippocampus  and  striatum  in  the  rat  brain. 

More  recently,  we  obtained  evidence  for  the  exist¬ 
ence  of  functional  M2  autoreceptor  sites,  m  vivo.  Using  a 
transcortical  dialysis  method,  it  was  possible  to  demon¬ 
strate  that  acute  infusions  of  muscarinic  antagonists 
sudi  as  auopinc  and  AF-DX  ilb,  but  not  pitenzepine,, 
into  a  dialysis  probe,  induced  a  long-lasting  (4-5  h), 
marked  release  of  ACh  in  non-anesthetized,  freely 
moving  rats^.  Naturally,  it  will  now  be  important  to 
determine  if  it  is  possible  to  sustain  stimulated  release 


following  chronic  blockade  of  the  M2  autoreceptor 
sites. 

There  is  now  abundant  evidence  suggesting  that 
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Fig  2.  A  Bfects  of  muscarinic  antagonists  on  the  K*  (25 
iTMfevoked  release  of  acetylcholine  from  rat  hippocampal 
slice  preparations.  Tissues  were  depolarized  with  Krebs 
medium  containing  25  mu  K*  in  the  presence  or  absence 
(control)  of  various  concentrations  ol  AF-DX  1 16  (•).  atropine 
(o)  or  pirenzepine  (■)  Results  are  expressed  as  the  maan  ± 
se  of  5-7  experiments  lor  each  drug  concentration.  The 
overall  control  (no  drugs)  value  ( 100%)  lor  K *-evoked  acetyl¬ 
choline  release  was  79  ±  07 pmot/mg  tissue/20 min  in  the 
hippocampus  Slahstical  significance  was  assessed  by 
Student’s  unpaired  t-tesi  by  comparing  each  test  value  to  its 
corresponding  contralateral  control  (no  drugs)  Modified  from 
LapchackeXal^T  with  permission  ('p  <0.05:  “p<001,  “‘p 
<0.001) 

B.  Effects  ol  muscarinic  antagonists  on  the  oxotremorine- 
induced  inhibition  ol  evoked  acetylcholine  release  from  rat 
hippocampal  slice  preparations  Slices  ol  tissues  were  incu¬ 
bated  in  the  presence  or  absence  (control)  ol  oxotremorine 
(0X0,  10-‘‘m),  and  one  of  the  following,  atropine  (ATR, 
10-‘>m).  pirenzepine  (PZ.  10 -^m),  AF-DX  116  (AF-DX.  l0-«. 
1Q-^.  IO-^m)  or  4-DAMP  (t0-^*>x)  Results  are  expressed  as 
mean  ±  se  ol  5-6  experiments  per  drug  concentration 
res'ed  ^hc  even!!  control  voluc  (100%)  lor  ccctylchchnc 
release  was  8.6  ±  05  pmol/m.g  lissue/20  min  Statistical 
significance  was  assessed  by  Student’s  unpaired  t-test  by 
comparing  each  lest  value  to  its  corresponding  contralateral 
control  (no  drugs).  Modified  from  Lapehak  et  al  ^7  with 
permission  (" p  <0.05.  ’‘p<00l,  ''‘p<0  00l) 
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cholinergic  neurons  play  a  major  role  in  the  facilitation 
of  learning  and  memory  (for  review,  see  Ref.  29). 
Consequently,  one  of  the  most  important  questions  to 
answer  is  whether  it  may  be  possible  to  improve  these 
behaviors  by  blocking  Ma  inhibitory  autoreceptors 
which  should  increase  ACh  levels  in  the  synaptic  cleft. 
It  appears  that  this  may  be  possible  since  in  some 
learning  paradigms  we  observed  that  post-maining 
injections  of  AF-DX  116  in  the  range  of  0.5-2.0  mg/kg 
(s.c.)  result  in  a  facilitation  of  memory  in  both  win-shift 
and  win-stay  radial  maze  tasks  in  rats®.  We  also 
obtained  evidence  suggesting  that  AF-DX  116  can,  at 
least  partly,  penetrate  the  brain  following  a  peripheral 
injection^o. 

Possible  clinical  significance 

These  results  suggest  that  the  selective  antagonism 
of  muscarinic  M2  autoreceptors  m^’v  result  in  the 
enhancement  of  ACh  release  in  v  "his  could  have 
therapeutic  applications  in  rela  >  learning  and 
memory. 

Muscarinic  agonist  (arecoline,,  bethanechol)  thera¬ 
pies  have  been  tested  with  relatively  little  success  in  AD 
patients.  However,  the  data  reported  here  suggest  that 
major  benefits  should  not  be  expected  when  using 
non-selective'  muscarinic  receptor  agonists.  In  fact, 
these  agents  would  result  in  a  deaeased  release  of  ACh 
from  the  remaining  neurons  in  the  brains  of  patients 
afflicted  with  AD,  by  acting  at  M2  autoreceptor  sites. 
Thus,  the  use  of  either  Mi  selective  agonists  or  M2 
autoreceptor  antagonists  may  be  more  effective  for  the 
treatment  of  certain  clinical  features  of  AD  or  PD/AD. 
Alternatively,  the  use  of  a  partial  agonist/antagonist 
which  acts  presynaptically  to  enhance  ACh  release  and 
postsynaptically  to  stimulate  M;  receptors  could  be 
most  useful  in  this  respect.  Moreover,  the  combination 
of  an  M2  autoreceptor  antagonist  and  a  cholinesterase 
blocker  could  be  most  effective  in  insuring  the  main¬ 
tenance  of  high  amounts  of  ACh  at  the  synaptic  level. 
This  hypothesis  certainly  deserves  further  considera¬ 
tion. 

Finally,  the  recent  discovery  of  multiple  muscarinic 
xeceptor  genes^’  suggests  that  we  are  still  far  from 
having  fully  examined  the  possible  usefulness  of  highly 
selective  agents  acting  on  a  given  muscarinic  receptor 
subt)'pe  in  various  neurological  disorders  including 
AD,  PD/AD  and  PD.  The  development  of  such  com¬ 
pounds  should  prove  to  be  helpful  in  establishing  the 
respective  roles  of  each  muscarinic  receptor  subtype  in 
the  CNS. 
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Muscarinic  agonists  for  senile  dementia:  past 
experience  and  future  trends 

Julian  A.  Gray,  Albert  Enz  and  Rene  Spiegel 

Clinical  experience  with  muscarinic  agonists  in  the  symptomatic  treatment  of  Alzheimer's  disease  includes 
studies  of  the  effects  of  pilocarpine,  arecoline,  bethanedwl,  oxolremorine  and  RS  86.  Although  the  results  are 
somewhat  coriflicting,  there  is  evidence  that  a  subgroup  of  patients  may  respond  ivith  an  improvement  of 
cognitive  ard'or  behavioural  function.  The  existing  agents  tend  to  induce  adverse  effects  due  to  the 
stimulation  of  peripheral  muscarinic  receptors.  Furthermore  they  reduce  (at  least  in  vitro)  acetylcholine 
release  by  an  action  on  presynaptic  receptors.  Strategies  to  overcome  these  problems  include  the  development 
of  potent  agonists  with  high  blood-brain  barrier  penetration,  the  search  for  agents  selective  for  muscarinic 
receptor  subtypes  (using  cloned  receptors  as  tools)  and  the  identification  of  agents  acting  as  presynaptic 
receptor  antagonists,  to  increase  acetylcholine  release. 


The  finding  of  a  cholinergic  deficit  in  the  brain  of 
patients  with  Akheimer's  disease  has  led  to  attempts  at 
restoring  cholinergic  function  by  means  of  cholino¬ 
mimetic  drugs’.  Such  agents  include  acetylcholin¬ 
esterase  inhibitors,  precursors  of  acetylcholine  such  as 
choline  and  lecithin,  and  muscarinic  receptor  agonists. 
It  is  the  latter  approach,  using  muscarinic  agonists, 
which  will  be  reviewed  in  this  article. 

It  must  be  stated  in  advance  that  the  results  of  such 
studies  have  yielded  mixed  and  often  disappointing 
results.  In  the  second  part  of  the  article,  the  possible 
reasons  for  the  unspectacular  results  achieved  so  far 
will  be  discussed,  followed  by  a  description  of  future 
trends  to  overcome  these  problems  and  optimise  this 
approach. 

Past  experience 

The  agents  to  be  described  (see  Fig.  1)  are  all 
muscarinic  agonists  with  mixed  activity  at  muscarinic 
subtypes. 

Pilocarpine 

Caine^  reported  on  oral  administration  of  pilocarpine 
to  two  patients  with  presumed  Alzheimer's  disease.  No 
effects  on  learning  and  memory  were  detected  after 
three  weeks  of  administration  in  either  patient.  Leci¬ 
thin  was  added  to  the  treatment  in  one  of  the  cases,  but 
again  no  cognitive  effects  were  seen  after  a  further 
three  weeks  of  combined  piiocarpine/lecithin  therapy. 
Similarly  no  effects  on  cognitive  function  were  seen  in 
two  other  patients  with  memory  disturbance,  one  with 
Korsakoffs  syndrome,  and  another  with  amnesia 
secondary  to  surgical  removal  of  a  third-ventricular 
colloid  cyst. 

A.recoIine 

Arecoline  is  an  agonist  at  muscarinic  receptors, 
although  flt  high  doses  it  may  also  have  nicotinic 
ftfferK.  {"hri*!Hp  oJ  3  fpportpd  o*'  the  effect  of 
intravenous  infusion  of  2  or  4  mg  arecoline  in  seven 
patients  with  presenile  dementia  of  the  Alzheimer 


CNS  Clinical  Research  and  CNS  Prechmeal  Research,  Sandoz  M 
Baste,  Stiiilzerland.  ■ 


type.  A  significant  enhancement  of  performance  in  a 
picture  recognition  test  was  found  after  the  4  mg 
infusion  in  comparison  with  the  effect  of  saline  under 
double-blind  conditions  in  the  same  patients.  A  similar 
trend  was  seen  after  the  2  mg  infusion.  The  effect  was 
in  general  small,  although  in  two  patients  there  was  a 
clear-cut  and  reproducible  response. 

More  recently  Tariot  et  al.*  reported  on  the  effect  of 
two  hour  intravenous  infusions  of  arecoline  at  rates  of 
1,  2,  and  4  mg/hour,  compared  with  placebo  in  a 
double-blind,  randomized  trial.  In  keeping  with  the 
results  of  Christie  et  al.^,,  a  slight  improvement  in 
picture  recognition  performance  was  seen  during  the  2 
mg/hour  infusion,  although  this  did  not  reach  statistical 
si^ificance  and  was  not  seen  at  the  4  mg/hour  dose. 
No  significant  changes  were  seen  in  other  tests  of 
memory  and  learning.  Interestingly,  psychomotor  acti¬ 
vation  and  slightly  improved  affect  were  reliably 
observed  at  the  1  and  2  mg/hour  infusion  rates  whereas 
increasing  psychomotor  retardation  was  observed  at 
the  4  mg^our  rate. 

Bethanechol 

Severn'  authors  have  reported  on  the  effect  of 
intracerebioventricular  (i.e.v.)  infusion  of  bethanechol, 
a  long-established  muscarinic  agonist.  The  central 
route  of  administration  has  the  advantage  of  minimiz¬ 
ing  peripheral  cholinergic  effects,  against  which  must 
be  weighed  the  surgical  risks  of  implantation  of  an 
intracranial  catheter. 

Harbaugh  et  al.^  first  reported  encouraging  results  in 
four  patients  receiving  i.e.v.  infusion  of  bethanechol  or 
saline  under  single-blind  conditions  at  doses  of  0.05  to 
0.7  mg/day  over  eight  months.  There  were  subjective 
reports  from  relatives  of  decreased  confusion, 
increased  initiative  and  improved  memory. 

In  contrast,  in  a  doubie-blind  placebo-controlled 
study  of  ten  patients  with  biopsy-proven  Alzheimeri s 
disease,  Penn  cf ''  found  no  effects  of  betharicchol  on 
cognitive  function  after  low-dose  infusion  (0.35  mg/ 
day)  over  12  weeks,  nor  in  a  subsequent  open-dose  trial 
of  up  to  1.75  mg/day  in  eight  of  the  ton  patients.  A 
subset  of  patients  (three  out  of  ten)  showed  evidence  of 
improvement  in  behaviour  and  daily  functioning  with 
low-dose  (0.35  mg/day)  bethanechol,  while  at  moderate 
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Fig  1  Muscarinic  acetylcholine  receptor  agonists  used  in  clinical 
Inals 


dose  (1.05  mg/day)  there  appeared  to  be  a  more  robust, 
significant  improvement  in  mood,  behaviour  and  acti¬ 
vities  of  daily  living.  Higher  doses,  in  contrast,  were 
detrimental  to  behaviour. 

There  was  a  suggestion  of  decreased  memory  func¬ 
tion  at  do,ses  producing  behavioural  improvement,  and 
the  authors  comment  that  it  is  not  clear  whether  the 
degree  of  behavioural  improvement  with  i.c.v.  admin¬ 
istration  of  bethanechol  would  be  sufficient  to  justify 
the  invasive  neurosurgical  procedure  employed. 

Finally,  Read^  reported  on  the  effects  in  an  open 
study  of  bethanechol  infusion  at  individually  titrated 
doses  in  5  patients  with  probable  Alzheimer's  disease. 
Three  of  the  patients  were  described  as  showing  clinical 
improvement,  with  optimal  doses  of  0.20  mg,  0.35  and 
0.95  mg  per  day  respectively.  Improvement  in  memory 
tests  was  paralleled  by  family  reports  of  increased 
alertness  and  attentiveness  at  home.  However,  two 
patients  developed  agitation,  irritability,  depression 
and  seizures,  which  were  controlled  with  anticonvul¬ 
sants,  while  a  third  patient  suffered  an  intracerebral 
haematoma  with  focal  seizures  postoperatively,  as  well 
as  a  staphylococcal  infection  in  the  cerebrospinal  fluid. 
The  author  suggests  that  individual  titration  may  be 
highly  important  in  order  to  obtain  clinical  benefit  with 
i.c.v.  bethanechol. 

Oxotremorine 

A  double-blind  study  of  oxotremorine  (0.25  to  2.0 
mg/day)  orally  versus  placebo  m  seven  patients  with 
probable  Alzheimer's  disease  resulted  in  depressive 
symptoms,  often  severe,  in  five  out  of  the  seven 
patients,  making  assessment  of  the  drug's  cognitive 
effects  impossible*. 

The  cholinergic  hypothesis  of  affective  illness  is  well 
known,  and  cholinomimetic  drugs  have  previously 
been  reported  to  produce  depressive  symptoms  in 
normals  and  depressive  patients*.  However,  in  this 
context  it  is  difficult  to  understand  the  imnrovement  in 
mood  reported  after  arecoline  and  bethanecnol  in  some 
cases  (see  above). 

PS  S6 

Perhaps  the  muscarinic  agonist  most  studied  in 
Alzheimer's  disease  in  the  last  decade  has  been  RS  86 
(2-ethyl-8-methyl-2,8-d’azospiro-4,5-decan-l,3-dione- 
hydrobromide;  Sandoz  Ltd.),  a  potent  Mi  and  M? 
receptor  agonist  with  high  brain  penetration*®. 


Five  double-blind,  placebo-controlled  studies  of 
icpcatcd  Oiul  aaniinistration  of  RS  86  in  patients  with 
probable  Alzheimer's  disease  have  been  performed 
Wettstein  and  Spiegel’*  reported  on  a  crossover  study 
over  two  6-week  periods  with  RS  86  (0.75  mg  q.i.d.)  and 
placebo  in  six  patients  with  mild  to  severe  dementia. 
Performance  in  a  simple  speeded  visuomotor  task  was 
improved  by  17  to  60  per  cent  in  five  of  six  patients  on 
active  drug  and  several,  statistically  non-significant 
trends  in  favour  of  RS  86  occurred  in  other  psycho¬ 
metric  tests.  One  patient  displayed  a  clinically  relevant 
improvement  under  active  drug,  becoming  better 
orientated  and  showing  less  memory  impairment  in 
daily  life,  an  effect  confirmed  by  the  marked  deteriora¬ 
tion  on  substituting  placebo. 

The  same  .authors  performed  a  further  therapeutic 
trial  in  17  paHenfs  with  probable  Alzheimer's  disease  of 
mild  to  moderate  severity.  A  double-blind  parallel- 
group  period  of  six  weeks  was  followed  by  two 
crossover  periods  of  six  weeks.  A  dosage  of  1.0  mg 
t.i.d.  RS  86  was  compared  with  placebo,  the  dosage 
being  reduced  to  1.0  mg  b.i.d.  after  12  weeks  due  to  a 
high  dropout  rate.  Only  five  patients  completed  the 
18-week  period,  six  dropouts  occumng  on  RS  86  and 
sbc  on  placebo.  Dropouts  on  RS  86  treatment  were  due 
to  nausea  (n  =  1),  dizziness  («  =  1),  angina  pec  >  ris  (»i  = 
2),  malaise  (»  =  1)  and  bron.'l.ospasm  in  one  asthmatic 
patient.  Sweating  and  increasci  salivaHon  were  com¬ 
monly  observed.  The  I  igh  number  of  ca- ^pouts  preven¬ 
ted  detailed  statistical  analysis.  However,  nine  out  of 
eleven  cognitive  and  behaviouict*  parameters  showed 
higher  median  "hanges  from  baseline  on  RS  36  com¬ 
pared  with  pi'.cebo  trercnent.  Two  patients  were 
considered  by  the  attending  nurses  and  physician  to 
hove  shown  improvement  on  RS  86  that  was  r..levant  in 
daily  life. 

Bruno  et  however,  reported  essentnlly  negative 

results  with  RS  86  in  a  doubk-1  lind,  placebo-controlled 
crossovc  study  over  eight  days  in  eight  patients  with 
linically  diagnosed  Alzheimer's  disease.  RS  86  was 
administered  at  a  dose  of  0.5  i.ig  daily,  increased  until 
either  a  dose  ov  5-0  mg  per  day  was  achieved  or 
significant  adverse  effi>cls  developed.  No  statistically 
significant  Hianges  occurred  in  tests  of  cognitive 
ft  nction  or  a  Itention.  All  patients  reported  sweating  on 
RS  86,  while  hypersalivation  ocairred  in  two  patients. 
The  s.  ,ie  authors'®  a'lo  reported  negative  results  in 
seven  patients  with  clinically  diagnosed  Alzheimer's 
disease  receiving  RS  86  at  high  dosage  i.e.  10  mg  per 
da)  in  combinaton  with  the  peripherally  active  anti¬ 
cholinergic  drug  glycopyrrolate.  'fhe  patients  received 
increasing  doses  of  RS  86,  or  placebo,  in  a  double-blind, 
placebo-cortrolled  crossover  design.  The  maximum 
dose  was  reached  after  eight  to  ten  days.  Although 
seve  j1  verbal  anu  nonverbal  tests  yielded  slightly 
higher  rcores  during  RS  86  treatment,  there  were  no 
statistically  significant  or  clinically  relevant  changes. 

Finally,  Hollander  et  al.^*  reported  on  their 
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Alzheimer'®  disease  of  mild  to  modeiate  severity.  The 
patients  frs.  received,  in  an  open  dose-finding  study, 
placebo  followed  by  0.5  mg,  1  0  mg  and  1 .5  mg  of  RS  86 
orally  three  times  daily  for  seven  days  at  each  dose.  The 
'best  d.ose'  as  assessed  by  effects  on  the  Alzheimer' s 
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Disease  Assessment  Scale  (ADAS),  was  then  used  in  a 
double-blind,  placebo-controlled  crossover  study  of 
two  weeks'  duration  for  each  phase.  Three  patients 
dropped  out  of  the  study  because  of  adverse  events 
occurring  while  taking  RS  86,  namely  syncope,  abdomi¬ 
nal  distress,  and  a  seizure.  Seven  out  of  twelve  patients 
showed  improvement  on  the  overall  ADAS  scores  in 
the  replication  phase,  with  improvements  ranging 
from  3.4  to  36.2  per  cent.  In  two  cases  the  improvement 
was  clinically  obvious,  being  commented  on  spon¬ 
taneously  by  family  and  staff,  yet  subscale  analysis  did 
not  reveal  any  predominant  effect  on  cognitive  function 
as  compared  with  non-cognitive  behaviour. 

In  summary  the  results  to  date  suggest  that  a 
minority  of  patier>ts  with  Alzheimer's  disease  may 
show  a  clinically  relevant  response  to  existing  mus¬ 
carinic  agonists.  It  has  not  been  possible  to  identify 
responders  in  all  studies  according  to  clinical  criteria, 
although  Hollanders  al  ’■*  suggested  that  less  severely 
impaired  patients  \;eie  more  likely  to  improve  on 
cognitive  testing. 

Possible  explanations  for  this  low  responder  rate 
include  both  general  problems  with  the  'cholinergic 
substitution'  approach  and  specific  problems  of  exist¬ 
ing  muscarinic  agonists.  Possible  general  c.iTicisms  of 
the  use  of  muscarinic  agonists  as  monotherapy  in 
Alzkei.mer's  disease  include:  (1)  that  there  exist  addi- 
tiona'  iion-cholinergic  central  neurotransmittcr  losses 
In  Alzhe.mer's  disease,  so  that  muscarinic  receptor 
stimulation  alone  may  be  insufficient  to  induce  a 
clinical  response;  and  (2)  that  tonic  stimulation  of 
muscarinic  receptors  may  not  be  sufficient  to  replace 
'phasic'  physiological  stimulation. 

In  spite  of  these  objections  further  pursuit  of  the 
muscarinic  agonist  approach  to  treatment  seems  justi¬ 
fied  since,  in  a  severe  degenerative  condition  such  as 
Alzheimer's  disease,  effective  symptomatic  treatment 
even  in  a  minority  of  cases  would  be  a  significant 
medical  advance.  Furthermore,  in  order  rigorously  to 
test  the  hypothesis  that  muscarinic  agonists  may  be 
effective,  it  will  be  necessary  to  develop  better-tolerated 
and  more  sophisticated  compounds,  as  will  now  be 
described. 

Future  trends 

Peripheral  cholinergic  side-effects  remain  a  source  of 
concern  with  non-selective  muscarinic  agonists,  often 


limiting  the  clinical  dose  range.  One  possible  solution 
to  this  problem  is  the  development  of  highly  lipid- 
soluble,  potent  muscarinic  agonists,  which  will  pen¬ 
etrate  the  blood-brain  barrier  readily  and  lead  to  central 
muscarinic  activation  at  relatively  lew  plasma  levels 
which  are  associated  will  little  peripheral  activity. 

This  approach  is  borne  cut  in  laboratory  and  human 
pharmacological  experiments  with  SDZ  BOP  086  ((-)- 
s-2,8-dimethyl-l,3-dioxa-8-azaspiro-[4,5]-decane  hy¬ 
drochloride  (Sandoz  Ltd.)],  a  potent  Mj  and  Ma 
receptor  agonist  according  to  the  classical  pharmaco¬ 
logical  nomenclature.  Central  cholinergic  activation  is 
achieved  in  humans  with  this  agent,  as  evidenced  by 
shortening  of  REM  latency  in  the  sleep  EEC  in  male 
volunteers  at  doses  (0.5  mg  and  1.0  mg)  below  those  at 
which  peripheral  cholinergic  side-effects  are  reported. 
Unfortunately,  clinical  development  of  this  compound 
has  had  to  be  discontinued  owing  to  hepatotoxicity. 

A  second  theoietical  approach  to  the  development  of 
better-tolerated  muscarinic  agonists  is  the  search  for 
agonists  selective  for  the  muscarinic  receptor. 

Unfortunately  the  search  for  Mi-selective  agonists 
has  proved  a  difficult  task  for  chemists  to  date.  The 
situation  may  change,  however,  with  advances  in  our 
knowledge  concerning  muscarinic  receptor  subtypes. 

Recently,  through  the  advances  in  molecular  biology 
techniques,  cDNAs  and  genes  for  five  muscarinic 
subtypes  have  been  cloned  and  expressed  in  cell  lines 
devoid  of  endogenous  receptors’®''®.  Studies  using 
these  cloned  receptors  provide  a  new  basis  for  charac¬ 
terization  of  the  function  and  distribution  of  muscarinic 
receptor  subtypes  and  a  new  approach  to  the  search  for 
selective  muscarinic  agonists.  Interestingly,  the  cloned 
muscarinic  receptors  share  partially  the  biochemical 
function  of  the  pharmacologically  defined  receptors 
(see  Fig.  2). 

In  addition  to  postsynaptic  receptor  stimulation, 
muscarinic  receptor  agonists  also  tend  to  reduce,,  at 
least  in  vitro,  the  release  of  acetylcholine  through 
stimulation  of  presynaptic  autoreceptors,  which  have  a 
low  affinity  for  pirenzepine’7.  Such  an  action  in  vivo 
might  counteract  the  positive  effects  of  postsynaptic 
activation  and  reduce  the  therapeutic  usefulness  of 
currently  available  muscarinic  agonists,  which  gener¬ 
ally  possess  mixed  activity  at  several  receptor  subtypes. 

A  novel  approach  to  this  problem  is  the  development 
of  specific  presynaptic  muscarinic  receptor  antagonists. 
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Rg,  2.  Muscarinic  acetylcholine  receptor  subtypes  f ,  stimulation  of  inositol  phosphate  metabolism  or  adenylate  cyclase;  ) ,  inhibition  of 
adenylate  cyclase, '  Ca^^-dependent  ollect  on  K*  channels,  ++++,  higti,  and  +,  low  allinity  lor  pirenzepine. 
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T^'io  proi' ' .  p<  '''.hs  tance  of  this  class  is  BM-5  (Ref.  18). 
'A;:h<.p.s  at  'd(  ii  compound  would  act  both  as  a 
jeAciivc  rte  .  lap.ic  a.'tagonist,  liberating  acetylchol¬ 
ine,  mxi  .IS  a  i»  icoii-e  Mi  subtype-specific  postsynaptic 
agonist. 

In  summary  better  understanding  of  cholinergic 
receptor  pharmacology  combined  with  advances  in 
moleoilar  biology  techniques  bodes  well  for  the  future 
in  terms  of  development  of  muscarinic  agonists  suitable 
for  clinical  use.  Despite  the  equivocal  clinical  data 
achieved  in  Alzheimer's  disease  with  existing  mus¬ 
carinic  agonists,  a  fair  trial  of  the  usefulness  of 
muscarinic  receptor  stimulation  must  await  the  de¬ 
velopment  of  more  suitable  agents. 
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Muscarinic  pharmacology  of  the  airways 

Jennifer  Madagan  and  Peter  J.  Barnes* 


Muscarinic  receptors  have  been  identified  in  the  airways  in  several  species,  including  humans,  located  on 
airway  smooth  muscle,  secreting  celis  and  on  the  nerves.  Mi  receptors  are  found  in  sympathetic  ganglia  in  the 
guinea-pig  and  in  parasympathetic  ganglia  in  humans.  Mr  receptors  (inhibitory  autoreceptors)  are  found  in 
cholinergic  parasympathetic  nerve  terminals  in  many  species,  including  hunians,  whereas  the  muscarinic 
receptors  found  on  airway  smooth  muscle  and  mucus  glands  belong  to  the  M3  subtype.  It  is  possible  that  a 
defect  in  neuronal  Mz  receptor  function  may  explain  ^-blocker-induced  asthma.  Mz  antagonists  such  as 
methoctramine  are  promising  tools  for  elucidating  the  role  of  muscarinic  receptor  subtypes  in  the  lung. 
However,  they  can  potentially  increase  acetylcholine  release.  This  property  is  not  shown  by  drugs  with  a 
higher  selectivity  for  Mi  and  M3  receptors  which  are  likely  to  be  useful  clinically  in  the  treatment  of  ainvay 
disease. 


It  has  been  known  for  many  years  that  parasympathetic 
cholinergic  nerves  are  the  predominant  neural  path¬ 
ways  in  the  airways  and  cholinergic  mechanisms  may 
be  important  in  airway  obstruction  in  humans.  Chol¬ 
inergic  nerves  pass  down  the  vagus  nerve  to  synapse  in 
ganglia  within  the  airway  walls  from  which  short 
post-ganglionic  fibres  pass  to  the  target  cells,  including 
airway  smooth  muscle  and  mucus  glands.  Release  of 
acetylcholine  (ACh)  from  the  post-ganglionic  nerve 
•crminals  onto  postjunctional  cholinoceptors  leads  to  a 
contraction  of  airway  smooth  muscle  and  to  mucus 
secretion;  lliese  effects  are  blocked  by  muscarinic 
antagonists  such  as  atropine  and  ipratropium  bromide. 


licademic  Pharmacology  Department,  Royal  Free  Medical  bJiool, 
London  NW3  2PF  and  'National  Heart  and  Lung  Institute, 
Brompton  Hospital,  Dovehouse  Street,  London  SW3  6HP,  UK. 


Autoradiographic  mapping  studies  have  shown  that 
muscarinic  receptors  are  present  on  airway  smooth 
muscle  cells  and  on  gland  cells  in  the  airways  of 
animals*  and  humans^,  and  the  smooth  muscle  recep¬ 
tors  from  large  to  small  airways  appear  to  be  entirely  of 
the  M3  subtype.  The  classification  of  the  postjunctional 
receptors  into  the  M3  category  is  supported  by  evidence 
from  autoradiographic,  ligand  binding  and  pharmaco¬ 
logical  studies  in  vivo  and  m  vitro  obtained  in  many 
laboratories.  Recent  work  has  shown  the  existence  of 
muscarinic  recenlnre  in  the  nopi’es  supplying  the  lup.g 
in  animals^  and  humans-*.  This  has  led  to  the  concept 
that  the  neural  control  of  airway  smooth  muscle  is 
much  more  complex  than  had  been  originally  envis¬ 
aged.  Classification  of  these  neural  receptors  may  have 
great  relevance  for  future  drug  design  for  airway 
disease. 
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Ml  receptors 

M]  receptors  with  a  high  affinity  for  pirenzepine  are 
generally  found  in  the  cerebral  cortex  and  on  auto¬ 
nomic  ganglia^.  Pirenzepine  is  used  clinically  to  reduce 
gastric  acid  secretion  and  although  it  was  originally 
believed  to  act  directly  on  the  acid  secreting  cells,  it  is 
now  apparent  that  it  acts  predominantly  on  parasym¬ 
pathetic  ganglia  in  the  stomach  to  inhibit  neurally 
mediated  gastric  secretion.  As  the  innervation  of  the 
airways  is  derived  embryologically  from  the  same 
origin  as  that  of  the  gut,  excitatory  Mi  receptors  seem 
likely  to  exist  also  in  airway  ganglia  and  they  have  now 
been  identified.  There  appear,  however,  to  be  consider¬ 
able  species  differences  in  the  location  of  Mi  receptors 
in  pulmonary  autonomic  nerves  (see  Fig.  1).  Piren¬ 
zepine  was  shown  to  be  very  effective  in  blocking 
bronchoconstriction  due  to  preganglionic  stimulation 
of  the  vagus  nerves  in  both  rabbits*  and  dogs^  and 
these  results  were  interpreted  as  showing  M|  receptors 
in  the  pulmonary  parasympathetic  ganglia  in  these 
species.  However,  these  studies  did  not  clearly  show 
that  pirenzepine  was  effective  at  doses  that  had  little 
action  on  the  bronchoconstrictor  effect  of  acetylcholine 
mediated  via  the  postjunctional  M3  receptors. 

Recent  evidence  suggests  that  Mi  receptors  may  be 
present  on  human  airway  cholinergic  nerves.  The 
effects  of  inhaled  pirenzepine  and  ipratropium  bro¬ 
mide  on  cholinergic  reflex  bronchoconstriction,  trig¬ 
gered  by  inhalation  of  sulphur  dioxide,  were  compared 
in  atopic  subjects  (Fig.  2).  A  dose  of  inhaled  piren¬ 
zepine  was  found  that  failed  to  inhibit  significantly  the 
bronchoconstriction  due  to  inhaled  methacholine 
(which  acts  directly  on  airway  smooth  muscle  M3 
receptors),  whereas  ipratropium  bromide  was  able  to 
block  this  response  as  expected.  The  same  dose  of 
pirenzepine,  however,  was  as  effective  as  ipratropium 
bromide  in  blocking  bronchoconstriction  induced  by 
sulphur  dioxide,  and  as  it  could  not  be  acting  directly 
on  airway  smooth  muscle  receptors,  it  must  be  acting 
on  some  part  of  the  cholinergic  reflex  pathway*.  The 
parasympathetic  ganglia  seem  to  be  the  most  likely 
location  for  this  action,  and  human  ainvay  ganglia 
show  a  high  density  of  muscarinic  receptors  in  auto¬ 
radiographic  studies^.  M]  receptors  have  also  been 
demonstrated  in  the  parasympathetic  ganglia  of  rabbit 
bronchi^. 

In  the  guinea-pig,  Mi  receptors  have  also  been 
demonstrated  on  pulmonary  autonomic  nerves  but 
they  appear  to  be  located  in  sympathetic  rather  than  in 
the  parasympathetic  ganglia.  In  this  species,  piren¬ 
zepine  facilitated  vagally-induced  bronchoconstriction 
at  doses  which  had  no  effect  on  airway  smooth  muscle 
muscarinic  receptors.  This  facilitation  was  pieventcd 
by  propranolol,  suggesting  that  Mi  receptors  may  be 
localized  in  the  sympathetic  nervous  pathway,  where 
they  exert  a  facilitatory  role'®.  As  sympathetic  stimula¬ 
tion  in  the  guinea-pig  causes  bronchodilation  and  also 
inhibits  cholinergic  neurotransmission,  pirenzepine, 
by  blocking  sympathetic  Mi  receptors,  would  reduce 
noradrenaline  release  and  thus  indirectly  increase  the 
effect  of  vagal  nerve  stimulation.  These  Mi  receptors 
may  be  in  sympathetic  ganglia  or  on  the  sympathetic 
nerve  terminals  which  are  closely  associated  with 
airway  cholinergic  nerves  and  ganglia  (Fig.  1).  Compar- 


Fig  1  Location  of  muscarinic  receptor  subtypes  in  pulmonary 
autonomic  nerves  in  guinea-pig  and  humans.  M,  (piren- 
zepine-sensitive)  facilitatory  receptors  are  localized  to 
sympathetic  nerves  in  the  guinea-pig  and  to  parasympathetic 
ganglia  in  humans  inhibitory  receptors  are  localized  to 
post-ganglionic  cholinergic  nerves,  which  also  have  fig- 
adrenoceptors,  whereas  Mg  receptors  are  present  on  airway 
smooth  muscle  in  both  species  (The  ganglionic  acetylcholine 
nicotinic  receptor  has  been  omitted ) 

able  mechanisms  have  not  yet  been  investigated  in 
human  airways. 

The  physiological  role  of  Mi  receptors  in  autonomic 
ganglia  is  still  uncertain.  Classically,  ganglionic  trans¬ 
mission  is  via  nicotinic  cholinoceptors  which  are 
activated  by  acetylcholine  and  nicotine  and  blocked  by 
hexamethonium .  Possibly  excitatory  M]  receptors  exert 
a  facilitatory  effect  on  neurotransmission  and  may  thus 
amplify  ganglionic  transmission.  Activation  of  these 
receptors  probably  closes  potassium  channels,  result¬ 
ing  in  a  slow  depolarization  of  the  ganglion  cell".  The 
Ml  receptors  would  therefore  be  expected  to  have  a  role 
in  long-term  regulation  of  cholinergic  tone,  whereas 
the  nicotinic  receptors  are  more  important  in  rapid 
signalling.  If  so,  M]  antagonists  such  as  pirenzepine  or 
telenzepine  might  have  a  useful  therapeutic  role  in 
asthma,  as  they  may  reduce  vagal  tone  in  humans.  This 
may  be  especially  important  in  nocturnal  exacerbations 
cf  asthma,  which  may  be  associated  with  increased 
vaeal  tone'^. 

M]  receptors  have  been  detected  in  the  lungs  by 
radioligand  binding  studies  but  the  results  are  unex¬ 
pected.  Binding  of  pHjquinuclidinyl  benzilate  (QNB) 
to  both  rabbit  and  human  peripheral  lung  membranes 
is  displaced  by  pirenzepine  with  a  shallow  inhibitory 
curve  suggesting  the  presence  of  high  and  low  affinity 
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sites'^'*’*.  Thi  high  affinity  binding  site  has  the  charac- 
teri.  tics  of  an  Mi  receptor  and  this  is  confirmed  by  the 
use  of  PHJpirenzepine,  which  selectively  labels  this 
receptor  subtype.  Mi  receptors  make  up  more  than  half 
the  binding  sites  in  human  lung.  This  cannot  possibly 
be  accounted  for  by  receptors  on  parasympathetic 
ganglia  or  nerves,  which  would  make  up  only  a  small 
fraction  of  the  membranes.  Recent  autoradiographic 
mapping  has  shown  that  the  Mi  receptors  are  present 
on  submucus  glands  but  not  on  airway  smooth 
muscle'^.  They  are  also  found  on  the  alveolar  walls, 
which  would  account  for  the  high  density  of  Mi 
receptors  in  peripheral  lung,  where  the  cholinergic 
innervation  is  very  sparse  and  where  the  smooth 
muscle  is  lacking.  However,  the  function  of  these  Mi 
receptors  in  human  peripheral  lung  is  unknown. 

M2  receptors 

Muscarinic  receptors  have  been  described  in  the 
airways  localized  to  the  parasympathetic  nerve  termi¬ 
nals  where  they  exert  an  inhibitory  control  of  acetyl¬ 
choline  release.  These  receptors  were  first  demon- 

3  10.  PI  fe 
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Fig.  2  (a)  Lccalization  of  the  effect  of  sulphur  dioxide  (502)  to 
cause  vagally-mediated  bronchoconslnction  compared  to  Ine 
direct  effect  of  methacholine  (MeCh)  on  airway  smooth 
muscle,  (b)  effect  of  pirenzepine  (PZ)  and  ipratropium  (IB)  on 
bronchoconslnction  induced  by  inhaled  SOs  and  MeCh  in 
atopic  subjects  (n  =  7).  Airway  function  was  measured  as  a 
change  in  total  lung  resistance  (Rrs)  using  a  forced  osciffalion 
technique  and  a  dose  of  MeCh  which  evoked  a  40%  increase 
in  Rrs  (PC^o)  Single  asterisk  indicates  p  <0  05.  double 
asterisks  indicate  p<0.02,  mean  values  ±sem  Both  inhaled 
PZ  (70  ng  and  iS  (7py)  siyiiiiiuaniiy  iiiiiibiied  vayaiiy-meamed 
bronchoconstriclion  elicited  oy  SO2  to  the  same  extent 
However,  at  this  dose,  PZ  had  no  effect  on  MeCh-induced 
bronclioconstriction,  whereas  IB  gave  significant  protection 
This  suggests  that  pirenzepine  sensitive  (M,)  receptors  exist  in 
the  vagal  reflex  pathway,  presumably  located  in  parasym¬ 
pathetic  ganglia  (Adapted  from  Ref.  8.) 


strated  in  guinea-pig  lung  using  the  antagonist 
gallamine^  and  have  now  been  identified  also  in  cat'*’, 
dog'^  and  human  airways'*.  Blockade  of  these  receptors 
with  a  selective  antagonist  causes  facilitation  of 
bronchoconstriction  induced  by  vagal  nerve  stimula- 
tion^.**.  As  these  receptors  are  activated  by  the  trans¬ 
mitter  at  physiological  rates  of  firing  in  the  nerve,  they 
function  as  autoreceptors.  It  has  since  been  confirmed 
that  these  receptors  are  selectively  blocked  by  methoc- 
tramine'®  and  AF-DX  116,  confirming  their  classifica¬ 
tion  as  M2  receptors  comparable  to  the  M2  receptors  on 
the  atrial  cell  which  mediate  slowing  of  the  heart.  The 
cardiac  M2  receptors  are  known  to  be  coupled  to  K-* 
channels  and  their  activation  causes  K+  efflux  with 
resulting  hyperpolarization  of  the  cardiac  cell  (the 
opposite  effect  on  K+  efflux  to  that  produced  by  M] 
facilitatory  receptors).  If  the  pulmonary  neuronal  M2 
receptors  arc  also  coupled  to  K+  channels  this  could 
explain  the  inhibitory  effect  which  M2  receptors  exert 
on  acetylcholine  release.  This  suggestion  is  supported 
by  the  finding  that  cromakalim,  a  K'*'  channel  opening 
drug,  also  causes  inhibition  of  vagally-induced  bron¬ 
choconstriction’®. 

As  these  prejunctional  M2  receptors  have  a  post¬ 
ganglionic  location,  they  can  be  activated  using  field 
stimulation  of  in  vitro  preparations  of  the  airways.  Thus 
pilocarpine,  an  agonist  for  the  prejunctional  receptors, 
inhibited  cholinergic  nerve-induced  contraction  in 
guinea-pig’*'^®  and  human  bronchi*  elicited  by  field 
stimulation  while  having  no  effect  on  contraction 
induced  by  acetylcholine  added  to  the  bath.  The 
suppressive  effect  of  pilocarpine  was  blocked  by 
gallamine,  confirming  that  it  was  mediated  via  M2 
receptors. 

In  normal  subjects,  pilocarpine  (in  a  dose  which  had 
a  small  bronchoconstrictor  effect  in  its  own  right)  was 
shown  to  have  an  inhibitory  effect  on  cholinergic  reflex 
bronchoconstrictioninduced  by  sulphurdioxide,  where¬ 
as  a  similar  degree  of  bronchoconstriction  caused  by 
histamine  did  not  affect  S02-iriduced  bronchoconstric- 
tion^i.  This  suggests  that  these  inhibitory  receptois 
may  be  present  in  normal  human  airways  in  vivo, 
presumably  controlling  cholinergic  bronchoconstric¬ 
tion.  In  asthmatic  patients,  pilocarpine  had  no  such 
inhibitory  effect,  suggesting  that  there  might  be  some 
dysfunction  of  the  autoreceptors,  resulting  in  exagger¬ 
ated  cholinergic  reflex  responses. 

Mj  receptors 

Many  laboratories  have  shown,  using  in  vivo  and  in 
vitro  methods,  that  the  muscarinic  receptors  on  airway 
smooth  muscle  are  sensitive  to  antagonists  such  as 
4-DAMP  and  hexahydro-sila-difenidol  and  are  there¬ 
fore  classified  as  M3  receptors  comparable  to  the 
receptors  in  the  ileum.  Binding  studies  in  guinea-pig 
lung  membranes  indicate  a  preponderance  of  M3 
receptors,  whereas  in  human  lung,  M3  receptors  make 
up  less  than  half  the  rereptor.s  (the  remainder  being 
Ml)’'*.  In  humans,  autoradiographic  mapping  studies 
have  confirmed  that  M3  receptors  are  present  on  airway 
smooth  muscle  and  submucus  glands.  These  receptors 
seem  to  be  linked  to  pho  gihoinositide  breakdown  with 
the  production  of  inositol-l,4,5-trisphosphato  which 
releases  calcium  ions  from  intracellular  sites’^. 
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Fig.  3  Summary  of  results  comparing  the  effect  of  ipratropium 
on  bronchoconstriction  (measured  as  an  increase  in  pulmo¬ 
nary  inflation  pressure  measured  from  a  side  arm  on  the 
tracheal  cannula,  PpJ  and  bradycardia  These  responses  were 
induced  either  by  vagal  nerve  stimulation  CKS .  solid  line  and 
hatched  columns)  or  by  intravenous  ACh(1  pg/kg,  dashed  line 
and  open  columns)  The  responses  before  iprabopium  (B,) 
are  shown  on  the  left  in  absolute  units  Results  are  expressed 
as  the  ratio  SyS,,  where  Bg  is  the  response  after  ipratropium 
(All  points  are  the  mean  ±  s.e.,  n  =  5)  Ipratropium  initially 
enhances  cholinergic  nerve-induced  bronchoconstriction, 
presumably  by  preventing  feedback  inhibition  of  acetylcholine 
release  via  M2  receptors,  /Is  the  dose  is  increased,  blockade 
of  the  postjunctional  receptors  abolishes  all  pulmonary  and 
cardiac  responses  (From  Rel.  24  ) 


Xhc  Svtbrnucous  giuuus  lu  cunt<iir.  ivi)  dnci  ivi3 

receptors’^,  both  of  which  stimulate  mucus  secretion. 
Functional  studies  with  selective  antagonists  suggest  a 
response  intermediate  between  Mj  and  M3  receptors, 
supporting  the  view  that  both  types  of  receptor  may 
play  a  part  in  airway  mucus  seaetion^. 


Therapeutic  implications 

The  discovery  of  three  muscarinic  receptor  subtypes 
in  the  lung  has  important  clinical  implications  and 
raises  the  possibility  of  producing  more  selective 
anticholinergic  therapeutic  agents  in  the  future.  The 
antimuscarinic  bronchodilatcrs  currently  available, 
atropine,  ipratropium  bromide  and  oxitropium  bro¬ 
mide,  are  nonselective  antagonists  which  block  the 
neuronal  receptors  as  well  as  the  smooth  muscle 
receptors.  Ipratropium  bromide  has  been  shown  in 
animals,  at  low  doses,  to  increase  vagally-mediated 
broncnoconstriction^'*  due  to  blockade  of  the  prejunc¬ 
tional  M2  receptors,  as  shown  in  Fig.  3.  At  this  dose  the 
responses  of  the  postjunctional  receptors  to  injected 
acetylcholine  were  unaltered.  Abolition  of  all  choliner- 
gically  mediated  responses  only  occurred  at  higher 
doses  when  postjunctional  M3  receptor  blockade  was 
achieved.  A  similar  mechanism  may  occur  in  patients 
and  could  explain  some  of  the  cases  of  paradoxical 
bronchoconstriction  which  have  been  reported  with 
inhaled  ai.ticholinergic  drugs  in  patients  with  chronic 
obstructive  airway  disease. 

p-Blocker-induced  asthma 

The  worsening  of  asthma  by  p-blocking  drugs 
remains  a  problem  and  deaths  continue  to  be  reported. 
Even  P-blocker  eye  drops  are  capable  of  precipitating  an 
asthma  attack.  The  cause  has  remained  elusive, 
although  cholinergic  mechanisms  may  have  a  critical 
role,  as  anticholinergic  drugs  may  completely  prevent 
the  bronchoconstriction  due  to  inhaled  propranolol  in 
mild  asthmatics^.  Muscarinic  autoreceptors  might 
help  to  explain  how  catastrophic  bronchoconstriction 
may  be  precipitated  by  even  a  small  dose  of  a 
P-blocking  drug.  P-Blocking  drugs  inhibit  sympathetic 
bronchodilator  tone,  which  in  humans  is  probably 
provided  by  circulating  adrenaline.  p2-Adrenoceptors 
which,  when  activated,  inhibit  the  release  of  acetylchol¬ 
ine,  have  now  been  demonstrated  on  cholinergic 
nerves  of  human  bronchi^*,  and  when  these  are 
blocked  an  increase  in  tonic  acetylcholine  release  would 
be  expected.  In  normal  individuals  the  acetylcholine 
would  activate  the  autoreceptors  to  shut  off  any  further 
acetylcholine  release  and  thus  no  bronchoconstriction 
would  occur.  In  asthmatic  patien.s  the  same  increase  in 
acetylcholine  V  ould  occur  but,  because  of  the  apparent 
defect  in  mus  .arinic  autorecen.ors^’,  there  would  be  no 
mechanism  for  sv/itching  off  acetylcholine  release. 
Furthermoie,  the  asthmatic  airway  is  hyperresponsive 
to  acetylcholine,  thus  even  low  doses  of  a  P-blocker 
may  precipitate  a  catastrophic  bronchoconstrictor 
response^'’. 
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Selective  antagonists  reveal  different  functions  of 
M  cholinoceptor  subtypes  in  humans 

H.F.  Pitschner,  M.  Schlepper,  B,  Schulte*,  C.  Volz*,  D.  Palm* 

and  A.  Wellstein*t 

Effects  of  atropine  and  of  the  subtype  selective  niAChR  antagonists  pirenzepine  (PZ)  and  AF-DX 116  zvere 
studied  in  humans.  Dose-  or  time-response  curves  zoere  established  for  heart  rate  and  salivary  flozv.  Plasma 
samples  zvere  drazun  in  parallel  zvith  the  effect  measurements  and  analysed  for  drug  concentrations. 
Subtype-selective  radioreceptor  assays  of  the  samples  served  to  estimate  the  respective  receptor  occupancy  in 
vivo.  It  is  shown  that  low  doses  of  PZ  (MfSelective  blockade)  cause  cholinomimetic  effects  indicated  by 
bradycardia  and  increase  in  salivary  flow.  After  high  doses  of  PZ  or  atropine,  tachycardia  and  inhibition  of 
salivary  flow  are  observed  in  parallel  with  occupancy  of  both  the  M2  and  M3  subtypes.  AF-DX  116  induces  a 
tachycardia  together  zvith  an  increased  salivary  flow  in  agreement  zvith  Us  selectivity  profile  (M2  >  M,  > 

M3).  The  diagnostic  and  therapeutic  applications  of  Mr  or  M2-selective  blockade  by  low  dose  PZ  or  AF-DX 
116  respectively  are  discussed. 

Methods  and  tools  borrowed  from  receptor  pharmacol-  parameters  to  quantitate  inAChR  effects  in  humans, 

ogy  should  allow  for  more  detailed  studies  of  the  i.e.  heart  rate  and  salivary  flow.  Only  minor  emphasis 

physiology  and  pathology  of  inAChR  subtype  driven  is  put  onto  other  mAChR-related  parameters  like 

processes  in  humans.  Based  on  this  better  understand-  intracardiac  conductivity,  respiratory  variability  of 

ing,  the  wide  variety  of  novel,  subtype-selective  sinus  node  rhythm,  blood  pressure  or  accommodation 

ligands  might  be  translated  into  useful  diagnostic  and  capacity  of  the  eye.  As  drugs  we  used  atropine,  the 

thcr.apeutic  drags.  In  our  studies  we  have  combined  in  Mi-selective  antagonist  pirenzepine  (PZ)*  and  the 

vitro  and  clinical  studies  of  antagonists  to  move  towards  M2-selective  AF-DX  116,  which  differentiates  between 

this  goal.  the  cardiac  (M2)  and  glandular  (M3)  subtype^.  Dose- 

response  of  atropine  or  PZ  and  time-response  curves  of 

Combined  in  vivo  and  in  vitro  approach  AF-DX  116  were  established  in  healthy  volunteers. 

In  the  present  context,  we  have  chosen  two  pnmary  To  link  the  respective  response  to  the  occupancy  of  a 

pariicuiar  receptor  subiype,  we  applied  a  tcchiiique 
used  in  similar  studies  of  selective  P-adrenoceptor 
Kerckhoff  Klin.k  der  Max-Planck-Gesellschaft,  D-6350  Bad  WockadeS;  plasma  samples  were  drawn  in  parallel  with 

Nauheim,  FRG;  ‘Z.  Phatm.  Klinikum  der  J.W.  effect  measurement  and  subjected  to  mAChR-subtype- 

Goethe-Universitat  D-6000  Frankfurt,  FRG,  'Department  of  selective  radioreceptor  assays  (RRA).  In  these  receptor 

Pharmacology,  Georgetown  University,  Washington  DC  binding  assays  we  used  [^H]-PZ  as  a  label  for  bovine 

7J0007,  USA.  cerebral  cortex  Mj  subtypes'*-®  and  [®H]-N-methyl-sco- 
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polamine  for  the  porcine  atrium  M2  subtj'pe*  and  rat 
salivary  gland  M3  subtype'’’®.  From  the  inhibition  of 
receptor  binding  by  antagonist  present  in  the  plasma 
samples,  occupancy  of  the  respective  receptor  subtype 
and  apparent  plasma  concentrations  were  calculated  as 
described®.  In  preliminary  experiments  it  was  estab¬ 
lished  that  receptor  binding  of  the  radioligands  was  not 
affected  by  inclusion  of  up  to  two-thirds  ot  native 
human  plasma  in  the  assay*.  Thus,  the  assay  of  plasma 
samples  was  carried  out  without  significantly  perturb¬ 
ing  the  itt  vivo  established  equilibrium  between  free  and 
bound  drug.  As  shown  earlier  for  (5-blockers®  as  well  as 
atropine  and  pirenzepine'*,,  the  free  drug  concentration 
in  the  plasma  compartment  measured  with  these 
precautions  is  representative  of  the  active  drug  concen¬ 
tration  at  the  respective  receptors  oiiented  towards  the 
extracellular  space.  Thus,  we  were  in  a  position  to 
detect  in  vivo  receptor-occupying,  active  antagonist  in 
the  in  vitro  assay.  Furthermore,  we  compared  the 
affinity  profiles  of  the  antagonists  used  in  the  present 
study  in  different  species  including  human  tissues 
(Table  1).  In  these  receptor  binding  assays  a  twofold  or 
less  difference  in  the  K,  values  of  the  drugs  for  M2  and 
M3  receptors  is  apparent  and  we  therefore  feel  safe  in 
estimating  the  in  vivo  receptor  subtype  occupancy  in 
humans  from  this  RRA  of  plasma  samples. 

Peripheral  Mi  receptor  blockade  generates  M-cholin- 
ergic  effects  in  humans 

Cumulative  dose-response  curves  of  atropine  and 
PZ  were  established  without  and  after  (5-blockade  by 
propranolol.  As  can  be  seen  from  Fig.  1  (panels  B  and 
C),  PZ  and  atropine  show  biphasic  dose-response 
curves  for  salivary  flow  and  heart  rate.  This  pattern  is 
far  more  pronounced  for  pirenzepine  than  for  atropine. 
ED50  values  calculated  from  a  model  superimposing 
two  dose-response  curves  with  opposite  effect  vectors'* 
show  a  40-  to  60-fold  selectivity  for  the  heart  rate 
decelerating  versus  the  accelerating  effect  of  piren¬ 
zepine®.  The  respective  parameters  for  atropine  show 


only  a  two-  to  four-fold  selectivity*.  The  M-  receptor 
subtype  occupancy  derived  from  the  receptor  assay  of 
plasma  samples  (Fig.  lA)  coincides  with  the  'paradox¬ 
ical'  cardiodeceleratory  and  hypersalivatory  effects  of 
PZ.  The  'typical'  antimuscarinic  effects  of  PZ  on  salivary 
flow  as  well  as  heart  rate  arc  reflected  in  the  occupancy 
of  salivary  M  cholinoceptors.  The  preferential  affinity 
of  PZ  for  M]  receptors  also  becomes  apparent  in  the 
experiment  depicted  in  Fig.  ID.  From  the  above  studies 
we  selected  a  dose  of  PZ  (1.1  mg),  sufficient  to  block  Mj 
receptors  in  humans  without  a  blockade  of  other 
subtypes.  When  the  dose-response  .nirve  of  atropine 
was  established  after  pretreatment  with  this  dose  of  PZ, 
only  a  monophasic  response  was  ooserved  (Fig.  ID). 
Thus,  we  can  attribute  the  cardiodereleratory  effects  of 
both  atropine  and  pirenzepine  to  the  same  Mj  subtype. 
It  should  be  pointed  out  that  p-blockade  was  not  able  to 
abolish  the  cardiodeceleratory  effect  of  the  Mj-blockade 
(compare  Fig.  1C  and  ID,  i.e.  without  and  with 
P-blockade  respectively). 

To  elucidate  the  mechanism  underlying  this  observa¬ 
tion,  we  studied  postsynaptic  vagal  activity  under  the 
diffeient  conditions  As  a  non-invasive  measure  we 
used  the  respiration  induced  variability  of  the  sinus 
rhythm  read  from  the  RR-intervals  of  the  ECG'. 
Increased  postsynaptic  activity  has  been  reported  to 
cc’ncide  with  increased  variability  in  the  RR-intervals 
and  vice  versa.  In  our  investigations  the  Mj-selective 
dose  of  PZ  increased  the  variability  of  the  RR-intervals 
by  58%  above  control.  The  maximum  dose  of  atropine 
reduced  the  variability  almost  completely  by  85%  of 
control  independent  of  pretreatment '  with  PZ'*. 
(5-blockade  did  not  affect  these  results. 

From  th''  above  data  we  concluded  that  an  Mj- 
selective  blockade  increases  the  postsynaptic  M-chol- 
inergic  activity  and  we  tried  to  narrow  down  the 
possible  mechanism  underlying  this  finding.  Blockade 
of  excitatory  M,  receptors  located  on  peripheral 
sympathetic  ganglia®  would  be  a  possible  explanation 
for  the  cardiodeceleratory  effects  of  low  dose  PZ®. 


TABLE  I.  K,  values  of  mAChR  antagonists  in  different  species 


M-AChR 

antagonist 

Atrium  Mj  receptor 

Salivar  /  gland  M3  receptor 

Cerebral 

cortex 

M|  receptor 

porcine 

human 

rat 

bovine 

human 

bovine 

Atropine 

3.4 

4.7 

1.9 

24 

38 

08 

n=13 

77=3 

77=7 

77=5 

0  =  4 

77=  13 

SEM  =  05 

siM  =  0.5 

S£m  =  0  4 

SEM  =  0  6 

sem  =  04 

SEM  =  0  1 

Pirenzepine 

1500 

2320 

533 

928 

1049 

8.9 

n  =  6 

77=2 

77  =  6 

n  =  4 

77=3 

77=  13 

SEM  =  227 

SEw=  127 

SEM  =  108 

SEM  =  20 

SEM  =135 

SEM  =  08 

AF-DX116 

194 

172 

5150 

6470 

6180 

644 

17=10 

77=3 

n=  10 

0  =  5 

0  =  4 

CO 

II 

c: 

SEM  =  21 

SEM  =  21 

SEM  =  1030 

SEM  =  407 

'-'M  =  349 

SEM=  160 

K,  values  (hm)  of  atropine,  PZ  andAF-DX  1 16  in  different  tissues  from  different  species.  Human  tiscue  samples  were  derived  from 
surgical  procedures,  intact  animal  organs  from  the  tocal  slaughter  house  or  from  our  animal  facilities.  Membranes  were  prepared 
'rom  these  materials  after  homogenization  andseverat  centrifugation  and  wash  steps  (see  Ref  4).  From  leceptcr  binding  isotherms 
ot  the  different  drugs  versus  [^HJ-PZ  (Mi)  c'  (^HJ-N-melhyl-scopolamine  (Mg  and  M3)  in  filtration  assays,  the  respective  K,  vatues 
were  calculated  (see  Ref  3).  Mean  vatues  of  n  independent  experiments  and  sem  are  given 
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Fig  1  Comparison  of  mAChR  subtype  occupancy  and  dose-response  curves  of  atropine  commute 

vnhintpprs  In  eacn  session  volunteers  (n  =  9to  12)  received  6  to  9  consecutive  i  v  bolus  injections  of  drug  at  20  to  30  minute 
inter^afs  to  cover  cumulated  doses  ofO  02  to  40  mg  forPZorO  4  to  40ag/kg  for  atropine.  Details  of  panels 
in  Ref  5  and  of  D  in  Ref.  4.  A:  Radioreceptor  assay  of  plasma  samples  alter  pirenzepine  The  respective  mAChR  sub  yp 
occuoancv  is  depicted  on  the  right  ordinate.  Apparent  plasma  concentrations  (left  ordinate)  are  given  in  pharmacological  ® 

SEme  m  W  SiaZn  constant  (ilK,).  V  50%  receptor  occupancy  thus  coincides  with  a  plasma  conrrenlrah^o 
Ixi/K  )B  and  C  Dose-response  of  alrooine  or  pirenzepine  on  salivary  flow  (B)  and  heart  rate  (C)  under  control  conditions 

I  PmTd  bo!! response  of  atropine  after  ^-blockade  (240  mg  of  oral  proprano.ol)  without  (open  symbol^ 

t!Ms)!relreaZ!n7!Ta!^^^  The  inset  shows  the  respective  M,  receptor 

ZcupamyobtainedfromtheRRAofplasmasamples.hcanbeinferredfromthedataintheinsetthatthepretreatnientwithPZhad 

no  effect  on  Ms  receptor  occupancy  by  atropine.  (Figures  reproduced  with  kind  permission  by  Springer  Verlag ) 


However,  the  effects  of  PZ  were  not  abolished  by 
(5-blockade  as  would  be  expected  for  an  effect  produced 
tlirough  a  (5-adrenergic  pathway*'^.  CNS  effects  are 
highly  unlikely  to  be  due  to  the  high  hydrophilicity  and 
low  permeation  of  PZ  into  the  CNS.  An  intrinsic 
activity  of  PZ  at  posisynaptic  receptors  can  be  ruled  out 
from  studies  in  heart-transplanted  patients®.  These 
patients  keep  their  sinus  node  fully  innervated  and 
receive  an  additional  sin-.s  node  with  the  donated 
heart.  Both  atropine  and  pirenzepine  showed  no 
significant  effect  on  the  non-innervated  sinus  node  in 
the  donated  heart.  The  reapients'  sinus  nodes, 
however,  retained  responsiveness  to  the  antagonists 
comparable  to  healthy  volunteers.  These  data  and 
considerations  led  us  to  suggest  that  the  cholino¬ 
mimetic  effects  of  a  peripheral  Mi  receptor  blockade  are 
brought  about  by  the  blockade  of  inhibitory'  Mi 
autoreceptors'*'®.  According  to  this  hypothesis,  block¬ 


ade  of  these  receptors  by  low  dose  PZ  increases  the 
posisynaptic  cholinergic  stimulus  due  to  the  interrup¬ 
tion  of  a  negative  autofuedback  mechanism. 

Functional  distinction  between  cardiac  and  glandular 
M-AChR  in  humans  using  AF-DX  116 

AF-DX  116  has  an  affinity  profile  clearly  distinct  from 
P72.  We  administered  240  mg  orally  to  healthy  volun¬ 
teers  and  monitored  heart  rate,  salivary  flow  and 
accommodation  capacity  of  the  eye  every  20  to  30 
minutes.  Plasma  samples  drawn  in  parallel  were 
assayed  in  the  above  described  RRAs.  Atropine  si  rved 
as  a  control.  Whereas  atropine  inhibited  salivary  flow 
almost  completely  and  resulted  in  blurred  vision, 
AF-DX  116  did  not  affect  the  accommodahon  capacity 
of  the  eye  and  induced  a  slight  increase  in  salivary  flow 
(Fig.  2).  Atropine  and  AF-DX  116  increased  the  heart 
rate  to  a  similar  extent.  Analysis  of  the  RRA  data  is  in 
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Fig  2  Time-response  curve  after  oral  administration  U  240  mg  of  AF-DX  1 16  to  healthy  volunteers  (n  =  7)  ^0  alropme 

served  as  a  coniml.  Heart  rate  (A)  and  salivary  flow  (C)  were  monitored  end  plasma  samples  were 

respective  RRA  of  plasma  samples  (see  text  for  details),  the  mAChR  subtyoe  occupancies  in  vivo  were  estimated  Original  data 
published  in  Ref.  6. 
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good  agreement  with  this  effect  pattern  in  the  volun¬ 
teers;  Mj  receptors  showed  the  highest  occupancy  by 
antagonist  present  in  the  plasma  samples.  The  long- 
lasting  steady-state  tachycardia  is  matched  by  a  sus¬ 
tained  receptor  occupancy  in  the  in  vitro  assay.  M3 
receptor  occupancy  was  not  detectable  in  agreement 
with  no  inhibitory  effect  of  AF-DX 116  on  salivary  flow. 
The  intermediate  occupancy  of  the  Mi  subtype  seems 
to  be  matched  by  the  slight  increase  of  salivary  flow. 
This  interpretation  though  still  speculative  seems  to  fit 
with  the  above  discussion  of  inhibitory  Mi  auforecep- 
tors;  the  effect  of  their  blockade  does  not  become 
apparent  in  the  heart  due  to  the  overwhelming  block¬ 
ade  of  the  postsynaptic  Mi  subtype  by  A.F-DX  116. 
However,  in  the  salivary  gland,  the  cholinergic  stimu¬ 
lus  becomes  apparent  as  hypersaiivation  due  to  a 
missing  postsynaptic  blockade  (for  further  data  see 
Ref,  6). 

Studies  using  i.v.  administration  of  AF-DX  116 
confirmed  these  results  with  respect  to  its  pharmaco¬ 
dynamics.  The  pharmacokinetic  behavior  of  the  drug, 
however,  was  strikingly  different:  an  elimination  half- 
life  from  plasma  of  2.5  to  3  hours  was  derived  from  the 
RRA  of  plasma  concentrations  and  HPLC  detection  of 
AF-DX  116  i.v.  (HPLC  analysis  was  kindly  performed 
by  the  laboratory’  of  Prof.  E.  Mutschler,  Frankfurt).  The 
HPLC  detection  of  AF-DX  116  in  the  plasma  samples 
aftei  oral  drug  administration  also  yielded  sustained 
high  plasma  concentrations  comparable  to  the  results 
from  the  RRA.  These  data  rule  out  a  significant  role  of 
an  active  metabolite  and  suggest  that  perturbance  of 
drug  release  and/or  absorption  of  the  oral  preparation  is 
responsible  for  this  unique  behavior.  Further  studies 
are  being  carried  out  at  present. 

With  respect  to  clinical  applications,  the  pharmaco¬ 
kinetic  and  pharmacodynamic  profile  of  oral  AF-DX  116 
makes  it  a  good  tool  for  the  treatment  of  bradycardia 
avoiding  side  effects  associated  with  rather  non-selec- 
tive  antagonists  of  the  atropine  type. 

Symp.ilhetic/parasympathetic  interaction  and  Mj 
receptors 

Due  to  the  close  interconnections  between 
sympathetic  and  vagal  pathways  we  sought  to  under¬ 
stand  regulatory  functions  of  mAChRs  with  different 
mechanisms  of  sympathetic  stimulation  and  compared 
isoprsnaline-  and  cxerdse-induced  tachycardia  during 
mAChR  subtype-selective  blockade.  It  was  demon¬ 
strated  earlier  that  vagal  effects  in  mammalian  atna 
were  more  pronounced  upon  pretreatment  of  the 
preparation  with  isoprenaline**’.  This  observation  can 
be  mimicked  in  humans  as  shown  in  Fig.  3A.  The 
deceleratory  do.se-response  curve  of  PZ  maintains 
virtually  the  same  EDSO  comparing  not  stimulated  (Fig. 
1C,’  and  isoprenaline-stimulated  conditions  (Fig.  3A). 
The  amplitude  of  the  effect,  ho’''<’ver  is  inci«.ascd 
twofold.  Tachycardia  induced  by  e,  ercise  shows  a 
different  effect  pattern  with  an  Mi  receptor  blocking 
dose  of  PZ.  As  shown  in  Fig.  3B  (left  side),  th.* 
dccclcrstory  effect  of  PZ  disappear-  during  exerrlse- 
mduced  tachycardia  obviously  due  to  the  reduced 
vagal  achvity  with  increasing  physical  stress"  *^.  Dur¬ 
ing  the  recovery  phase  (Fig.  3B,  nght  side)  this  effect  of 
the  Mi-selective  blockade  becomes  apparent  again  with 


workload  (wall)  lor  3  mm  time  after  exercise  (mm) 

Fig  3  Interaction  between  M,  receptor  biockade  and 
sympathetic  stimulation  in  healthy  volunteers  Isoprenaline- 
(A)  and  exercise-induced  tachycardia  (B)  A  Dose-response 
of  pirenzepine  on  the  isoprenaline-induced  tachycardia  (n  = 
9)  The  individual  isoprenaline  dose  necessary  to  increase  the 
heart  rate  to  about  1 10  beats/min  was  titrated  and  kept 
constant  lor  3  5  hours  (22  1  ng  x  min-'  x  kg-’)  Carrier  only 
(dotted  line)  or  cumulative  doses  ol  PZ  (008  to  39  mg  iv, 
heavy  line)  were  administered  at  20  to  30  min  intervals  B 
Ellect  ol  low  dose  PZ  on  exercise  induceo  tachycardia 
Volunteers  (n  =  6)  received  either  placebo  (o)  or  PZ  (triangle) 
and  underwent  an  increasing  wor’'  load  (25  walls  every  3  mir) 
The  heart  rale  was  monitored  during  this  exercise  and  dunng  a 
20  minute  recovery  phase  Before  exercise  (0  tirv^e  point)  and  4 
to  17  min  alter  exercise,  a  significantly  lower  heart  rate  was 
observed  in  the  PZ  group  (p<0  05) 


the  reappearance  of  vagal  activity  Tliese  two  indepen¬ 
dent  results  also  support  the  notion  of  a  periphcial  M. 
receptor  functioning  as  an  inhibitory  autorecepior  in 
humans.  Furthermore,  the  different  regulation  t'f  vagal 
activity  during  exercise  tachycardia  in  comparison  with 
isoprenaline-induced  tachycardia  can  be  unmasked  by 
the  PZ  indi!C”d  M;  ble.r'kade'  at  IIO  heats/min  PZ 
decreases  the  isoprenaline-stimulated  heart  rate  signifi¬ 
cantly  by  30  beats/min,  whereas  at  the  same  iieart  rate 
due  to  physical  exerCise  PZ  remains  without  effect  (Fig 
3  panel  A  versus  B). 
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Perspectives 

The  data  from  these  studies  in  healthy  human 
volunteers  led  us  to  design  a  combination  of  exercise 
and  isoprenaline  tests  in  combination  with  low  dose  P2 
for  the  detection  of  latent  sympathetic/vagal  mis¬ 
matches  in  young  patients  with  syncopic  attacks.  In 
addition,  we  employ  this  combination  of  selective 
cholinergic  and  sympathetic  challenge  in  the  diagnosis 
of  latent  intracardiac  conductivity  problems.  Further¬ 
more,  we  believe  that  AF-DX  116  should  b;:  a  good 
alternate  tool  for  the  long-term  treatment  of  vagally 
induced  bradycardias  due  to  its  favorable  selectivity 
profile  Ill  vivo. 
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1  Pharmacokinetics  and  effects  of  single 
oral  doses  of  the  novel  selective 
antibradycardic  agent  AF-DX  116  BS  \n 
normal  subjects 

P.  TansweK.  C.  A.  P  F  Su,  G.  Heinzel.  U.  Busch  and 
G.  Nehmiz.  Dr  Karl  Thomae  GmbH,  Oepts  o'  Medicine  and 
Development,  D-7950  Biberach.  FRG 

Chronic  treatment  of  bradvcordia  using 
anticholinergics  such  as  atropine  is  '-inimd 
by  tneir  side  effects;  the  current  t.ieraoeutic 
alternative  is  pacemaker  insertion.  A  ne«  oro- 
misi.nc,  selective  afttibradyoardic  agent  is 
AF-D.v  116  BS,  a  sardior-'ecif  1C  M2  cholino- 
ceptor  antagonist. 

In  a  double  blind  randomized  Phase  i  study, 
4  groups  of  healthy  male  volunteers  were  given 
single  oral  doses  of  placebo  (P),  120  mo  r)i) , 
240  mg  (D2)  or  480  mg  (P2)  of  AF-DX  116  BS. 
Peak  plasiii.  concentrations  analysed  bv  IIPCC 
were  3.4  tri',  370  (D2)  and  <>20  (01)  ng/ml;  ACC 
values  were  750  tDl) ,  2710  (D2)  and  7'60  (03) 
nq.h/ml.  tfmax)  was  2. 3-2. 6  h  and  plasma  lev¬ 
els  sunseguently  decreased  onlv  slowly  (mean 
residence  time  12.5-15.3  h) . 

Mean  baseline  heart  rate  (HR;  1/min)  was 
64;  7  (SDI'P!,  61+3  (Dl)  ,  64+6  (02)  and  64*7 
(D3)  (n.s.l.  nauimum  increases  in  HR  were  -3+5 
(P),  4+5  (Dl:  pkO.l  vs  P)  ,  15+7  (d2:  o<0.01  vs 
P) ,  and  21  ;  9  (D3:  p  <  O.OOl).  Median  dura¬ 
tion  of  .-stTon  was  3.2  h  (01),  14  h  (02)  and 
22.7  h  (03).  Salivary  flow,  near-ooint  vision 
and  pupil  dia.mettr  were  unaffected. 

In  conclusion,  AF-DX  116  PS  is  efficacious 
and  well  tolerated  after  single  oral  doses, 
shows  a  prolonged  duration  of  action  and  is 
potentially  suitablu  for  chronic  admini¬ 
stration. 


2  Clinical  phaimacology  of  AFDX  116  8S.  a 
novel  selective  antibradycardic  agent  after 
repeated  dosing  in  normal  subjects 

C  A.  P.  F.  Su,  P  Tansweli,  G.  Nehmiz,  G.  Heinzel  Dr  Kad 
Thcmae  GmbH,  Depanmenis  of  Medicine  and 
Pharmacokinetics.  D-7950  Giberach  Riss,  FRG 

tcnye<‘>t.ona1  Irestscnt  of  bridycardtc  arrhythafas  corprtses 
paceoalter  Insertion  or  therapy  with  antichoilnergic  or  beta- 
sisetic  drugs  such  as  atroplnn  and  crciprenallne.  The  use  of 
these  agents  is  however  liaited  by  their  side  effects. 

A  precising  new  entity  for  this  indication  is  AFDX  116  6$.  an 
KZ'Cholincceptor  antagentst  which  has  demonstrated  high 
csrdio+selectivity  in  in  vitro  receptor  binding  studies  and 
after  single  doses  in  healthy  volunteers. 

If.  this  double  biir+d  randoaized  study  3  groups  of  !2  healthy 
sale  volunteers  received  oral  doses  of  placebo  (P). 
120  BQ  (0!)  and  240  ag  (02)  AfOX  M6  6$  twice  daily  over 
5  days. 

Baseline  heart  rates  (HR;  l/ain)  were  (^an  ♦  SO): 
63>11(P).  66  1  9  (01)  and  $6  ♦  10  (02)  (n.$.).  Average 
increases  in  MR  on  day  S  over  the  12h  period  following  the 
last  dose  were  0  *  5.3  (P).  6.3  *  6.8  (Oi;  p<0.1)  and 

11.8  ♦  5.8  (02;  pcO.OOl), 

The  Indication  was  well  tolerated,  with  no  significant  changes 
in  salivary  flow,  near>pofnt  vision  and  surface  CCG. 
fhanaacoklnetic  steady  state  was  effectively  reacheo  after 

2  "fi}**,  »•!*?:  at  T6  t  i©  ngySi  arwi 

117  ♦  42  ng/ai  (02).  247  *  2?4  ng/cl  (01)  and 

590  4  232  ng/cl  (02).  terainal  half  1i7e  15  «  4h  (01)  and 
12  4  1.3h  (02).  The  accusulation  factor  was  low  (1.6).  and 
kinUics  were  linear  over  the  dose  range  studied. 

In  conclusion,  the  efficacy,  selectivity  and  pharsacokinetfes 
of  AFDX  116  6$  after  repeated  dosing  are  highly  favorable  and 
Justify  the  initiation  of  trials  in  patients  with  bradycardia. 


3  Muscsrinic  agonists  for  senile  (dementia, 
past  experience  and  future  trends 

.)  A.  Gray*.  A.  Enz"  and  R  Spiegel*  ‘Clin.cal  and  ** 
Preclintcal  CNS  Research.  SANDOZ  Ltd  ,  4002  Basle. 
Switzerland 

A  role  for  Quscarinic  receptor  agonists  in  the  synipto- 
raatic  creatasenc  of  Alzheirser's  Disease  is  suggested  by 
the  pathological  findings  in  postnorcca  brain  tissue  of 
pre-synaptic  chtJinetgic  neuronal  loss  coobined  with 
preservation  of  post-synaptic  Hi  receptor  nuaber 

Classical  isuscarinic  agonists  have  wixed  activity  at  Ml 
and  M2  receptors  Examples  of  such  agents  include  pilo¬ 
carpine.  oxotrenorine,  arecolinc  and  bethanechol  (the 
latter  given  intraccrebroventricularly) .  which  have  pro¬ 
duced  generally  equivocal  or  negative  results  in  small 
clinical  trials 

RS  86.  also  a  mixed  MI/K2  receptor  agonist,  produced 
.1  positive  clinical  response  in  15  per  cent  of  patients 
in  3  out  of  5  clinical  studies  Responders  could  not  be 
characterised  retrospectively  based  on  clinical  observa¬ 
tions 

However,  the  action  of  these  agents  at  H2  receptors 
leads  to  1)  peripheral  cholinergic  effects,  which  may  be 
dose^limiting  and  possibly  2)  a  decrease  in  neuronal  re¬ 
lease  of  acetylcholine,  an  effect  which  may  be  p.irtially 
offset  by  M2  receptor  loss  in  brain  of  Alzheimer's  Dis¬ 
ease  patients. 

More  potent  and  better  tolerated  muscarinic  agonists 
art  needed  for  clinical  studies  Theoretical  approaches 
include  Che  design  of  highly  lipid  soluble  agents  to 
allow  r.ipid  brain  penetration  .md  hence  a  higher  central 
CO  peripheral  effect  ratio,  a  search  for  specific  Ml  or 
Ml'Subtypc  selective  receptor  agonists,  using  cloned 
specific  receptor  subtypes,  and  the  development  of  pro- 
s^^raptic  muscarinic  antagoais'’5  to  facilitate  acetyl¬ 
choline  release  and  hence  stimulate  both  muscarinic  and 
nicotinic  receptors 


4  Muscarinic  receptor  alterations  in  human 
cognitive  disorijers 

I  Aubert,  D  M  Araujo.  S  Gauinier  and  R  Quinon.  Douglas 
Hospital  Res.  Cir  and  McGill  Univ .  Montreal  Quebec. 
Canada. 

The  litc'diurc  contains  "W)ny  discrepancies  concerning 
the  status  of  noscatinic  receptors  in  henan  neurodegcnc" 
rative  diseases,  '.n  the  present  studv.  we  characte-izcd 
the  binding  of  various  nuscanmc  ligands  to  borogena- 
tes  of  both  cortical  and  subcortical  regions  of  Alzhc*" 
(Tier’s  (AO).  Rarkinson's(PO) .  and  Parkinson's  with  AD- 
type  dcricntia  (PD/AO)  brams.  Cur  results  suggest  that 
the  total  density  of  ruscarir.ic  receptor  sites.  as«icssed 
using  5h-QN8  os  ligand,  is  not  altered  by  disease,  exc¬ 
ept  in  the  caudate-putaren,  where  the  B'*.ox  is  increased 
This  increase  in  the  density  of  nuscarinic  sites  nay  be 
due  to  an  up-rcgulation  of  the  Ml-subtypc,  since  «e 
found  the  Bnax  for  -^H-pi renzepinc  binding  was  sir-larly 
enhanced.  Conversely,  the  density  of  ruscarinic“M2  sites 
was  reduced  in  all  areas  in  the  PD/AO  and  AO  brains,  and 
in  the  striatwn  and  hippoca-pus  of  PD  brains.  This  dec¬ 
rease  in  3h-AF-0X  M6  or  3H-ACh  binding  m  cortical  tis¬ 
sue  ranged  fron  38-615"  and  was  significantly  correlated 
with  the  reduction  in  choline  acetyl  transferase  (CHAT) 
activity  in  these  same  brain  regions,  at  least  m  AD. 
Therefore,  it  appears  that  ruscarinic-M2  receptor  sites 
in  cortical  regions  and  m  hippocar^pus,  like  ChAT.  -^ay 
Oc  toudiiZeu  lu  pre^ynaptic  cnoimcrgic  lermnais.  tn 
SuTwnary,  the  density  of  ruscarinic  receptor  sites  is 
di f ferent iai ly  altered  in  various  regions  of  the  hu-an 
brain  ana  the  degree  of  deficit  appears  to  depend  on  the 
type  of  neurodegenerat i ve  disease  involved,  as  well  as 
its  severity. 

(Supported  by  HRC,  Canada  C  FRSl,  Quebec) 
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5  i.c.v.  AFDX- 1 1 6  induces  analgesia  only 
when  administered  at  very  low  doses 

A.  Bartolini,  C  Ghelardini,  F.  Gualtiei,  M.  Malcangio, 

P  Malmberp-Aiello,  N.  Roiranelli  an  j  A.  Giotti.  Department 
of  Pharmawlogy,  University  of  Florence,  Italy. 

Antinociccptioii  :an  oe  induce<)  it  animals  by  stimulating 
central  muscarinic  receptors.  This  effect  can  be  obtained 
either  by  direct  muscarinic  agonists  or  by  indirect  choli 
n’j;:iin'etics  suc>i  as  cholinesterase  inhibitors  and  specific 
an’r.igonists  (i  ac'>carinic  presynaptic  autoreceptors,  such 
as  atropine*  given  at  very  low  d(jses(l)  and  local  anaes- 
thet..cs(2/.  Sifcc  many  authors  hive  reported  that  in  the 
CNS  chrlinerg  c  inhibitory  autc 'ecepcors  arc  of  M,.  sub- 
type,  we  decidid  worthwile  to  test  the  analgesic  effect 
of  /'^DX-116,  a  selective  arta,*onisc.  AFDX-U6  (6.3  ng/ 
(TOiiSa  i.c  V.)  was  able  to  induce  a  statistically  signifi- 
canr  antinoci<  eption  in  mice  tested  on  hot-plate  and  wri¬ 
thing  tests.  .\F0X-116  doses  ten  times  respectively  higher 
and  lever  than  the  analgesic  one  were  ineffective.  AFDX- 
116  ancinociccption  was  antagonized  by  atropine  (5  mg/kg 
i.p.)  and  by  HC-3  (1  pf/mousc  i.c.v.).  Naloxone  (1  mg/kg 
i.p.)  did  net  modify  AFDX-antinooicepcion.  Analgesia  in¬ 
duces  by  AFH-116  was  obtained  vitliout  any  adverse  sympto 
matology  as  resulted  also  in  experiments  using  the  rota- 
rod  tent.  AFDX-116  therefore  was  able,  like  very  low  do¬ 
ses  of  atropine  (1)  and  local  anaesthetics  (2),  to  induce 
antinociception  through  cholinergic  activation.  Experi¬ 
ments  are  now  in  progress  to  elucidate  why  the  higher 
doses  of  AFhX-n6  were  not  effective. 

Bartolini  et  al.  X  lUPHAR.  Sydney,  P36  P816  (1987) 
Partolini  et  al.  Br.  J.  Pharaac.  92,  711  (1987) 


6  Analgesia  induced  by  the  M2  antagonist 
methoctramine  administered  i.c.v. 

F.  Gualtieri,  C.  Ghelardini,  A.  Giotti,  M.  Malcangio, 

P.  Malmberg-Aiello  and  A.Bartolini.  Department  of 
Pharmaceutical  Science,  University  of  Florence,  Italy. 

Antinociception  can  be  induced  in  animals  by  stimulating 
central  muscarinic  receptors.  This  effect  can  be  obtained 
either  by  direct  muscarinic  agonists  or  by  indirect  choli 
nomimetics  such  as  cholinesterase  inhibitors  and  specific 
antagonists  of  muscarinic  presynaptic  autoreceptors,  such 
as  atropine  given  at,  very  low  doses  (1)  and  local  anaes¬ 
thetics  (2).  Since  many  auth.'rs  have  been  reported  that 
in  the  CNS  cholinergic  inhib'tory  autoreceptors  are  of  Hp 
subtype  we  thuoqht  it  worthvile  to  test  the  analgesic  ef¬ 
fect  of  methoctramine,  a  selective  Hp  antagonist.  Ketho- 
ctramine  (5-100  ng/mouso  i.c.v.)  was  able  to  induce  a  sta 
tistically  significant  antinociception  tested  in  hot-pla 
te  and  writhing  tests.  Methoctramine  antinociception  (10 
ng/mouse  i.c.v.)  was  completely  antagonized  by  atropine 
(5  r,ig/kg  i.p.)  and  by  tlC-3  (1  pg/mouse  i.c.v.)  but  not  by 
naloxone  \1  mg/kg  i.p.)  and  o-methyl-p-tyrosine  (100  mg/ 
kg  i.p.). Moreover  the  i.c.v.  injection  of  antinociceptive 
doses  of  methoctramine  did  not  impair  performance  on  the 
rota-rod  test.  On  the  basis  of  these  results  and  of  the 
exsisting  literature  we  hypothesized  that  methoctramine 
like  atronine  at  very  low  doses  and  Inral  ^ 

induces  antinociception  by  a  facilitation  of  cholinergic 
transmission. 

1)  Bartolini  et  al.  X  lUPHAR  Sydney,  P36  P816  (1987) 

2)  Bartolini  et  al.  Br.  J.  Pharmac.  92,  711  (1987) 


7  Muscarinic  M-j  contrary  to  M2  antagonists 
do  not  induce  analgesia 

C.  Ghelardini,  A.  Giotti,  F.  Gualliert,  M.  Malcangio, 

P.  Malmberg-Aiello,  S.  Scapecchi  and  A.  Bartolini 
Department  of  Pharmacology,  University  of  Florence  Italy. 

Atropine  (1-100  jig/kg  s.c.:  I-IO  ng/mouse  1  .c . v. ) (1 ) ,AFDX 
116  (6.3  ng/taouse  i.c.v.)(2)  and  methoctramine  (10-50  ng/ 
mouse  i.c.v.)  (3)  arc  able  to  induce  antinociception  when 
administorcd  at  very  low  doses.  Since  their  analgesic  ef¬ 
fect  IS  antagonized  by  atropine  (5  mg/kg  i.p.)  and  by  HC- 
3  (I  pg/mouse  i.c  v.)  it  appears  possible  that  such  an  ef 
feet  night  be  due  to  an  indirect  activation  of  the  cen¬ 
tral  cholincigic  system.  Moreover  !>ince  oxotremorine  anal 
gcsia  is  antagonized  by  atropine  but  not  by  HC-3,a  direct 
mechanism  of  action  like  tltat  of  oxotremorine  nay  be  ru¬ 
led  out  for  the  three  antinuscarinic  drugs.  On  the  basis 
of  these  in  vivo  experinents  together  with  results  obtain 
cd  in  vitro  (1)  we  concluded  that  AFDX-116,  raethoctraoine 
and  atropine  induce  antinociception  by  blocking  selecti¬ 
vely  the  inhibitory  presynaptic  autoreceptors.  Since 
subtype  of  muscarinic  receptors  were  described  also  at 
the  presynaptic  level  (4),  pirenzcpinc  and  dicyclomine 
were  tested  for  analgesia  too.  Although  a  large  range  of 
doses  was  tested  neither  pirenzepinc  nor  dicyclomine  ad¬ 
ministered  either  i.c.v.  or  i.p.  were  able  to  induce  an¬ 
algesia  in  mice  tested  on  hot-plate  and  writhing.  These 
results  arc  in  agreement  with  most  literature  reports 
showing  that  muscarinic  autorcceptors  are  of  H^,  subtype. 

1)  Bartolini  et  al.  (1987)  X  lUPlWR,  Sydney  P36  P816 

2)  Bartolini  et  al.  this  meeting 

3)  Gualtieri  et  al.  this  meeting 

4;  Suzuki  et  al.  Neurosci.  Lett.  (1988)  84,  209. 

8  In-vivo  selectivity  of  muscarinic  agonists 
with  a  1 ,3-oxathiolane  nucleus 

P.  Angeli®,  L.  Brasili*’,  M.  013000113*7,  F.  C30l3l3niess3®, 
®Scuol3  de  Speci3lizz3zioo0  io  BiochioTiC3  0  Chioiica 
Clioica,  “Dipartioiaolo  da  Sciaoze  Chimicho,  '^Istiluto  di 
Farmacologia  0  Farmacogoosia,  UoiversilS  di  Caroanoo, 

Italy  aod  J.  Wass,  Dapartoiaot  of  Pharmacology,  Uoiversity 
of  Fraokfurt/Maio,  FRG. 

The  cardiovascular  effects  of  the  ncscarlnic  agonist  (s;  cis-2-methyl- 
5-(dInevhyianirw)fliethyl-i ,j-oxathiolaiTe  eethiodide  (il)  and  its  two 
cnantiocers  have  been  if'vestlgated  in  the  pithc.1  rat.  Muscarine  served 
as  a  reference  drug  All  conoounds  produced  brief  decreases  in  heart 
rate  and  »C3n  arterial  pressure  (eediated  by  **2  receptors)  followed  by 
a  -«ore  sustained  tachycardia  ano  pressor  response  (rrediated  by 
ganglionic  Mj  receptors).  The  two  enanticners  displayed  pronoA/x:ed 
cnantloseiectlvity,  the  (»)  enantiomer  being  i8-62-fold  Tiore  potent 
(Tab).  Kiscarinc  showed  similar  potencies  in  eliciting  both  the 
Inibitory  and  excitatory  actions,  and  thus  did  not  discrlninate 
between  Mj  and  receptors.  In  contrast,  racenic  oxathloiane  (il)  and 
both  enanticners  displayed  a  sMgth  (3-7-fold)  selectivity  fer  the 
excitatory  M|  as  cerpared  to  the  inhibitory  responses.  It  thus 
appears  that  nuscarinic  agonists  carrying  a  1,3-oxathioiane  nweieus 
nay  be  useful  tools  io  the  deveiopnent  of  nore  selective  M|  receptor 
agonists. 

£05o(hmol/Kg) 

Pithed  rat 

Decrease  in  Increase  in 


heart  rate 

KSPi 

heart  rate 

MApa 

muscarine 

14.7 

19.1 

a. 9 

20.5 

(1): 

8.9 

6.6 

2.6 

2.4 

r 

(♦)i 

A.4 

A. 3 

0.6 

0.6 

Vap  s  mean  arterial  pressure 
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9  CI-969:  An  orally  active  muscarinic 
receptor  agonist  related  to  arecoline 

M.  R  Pavia,  R.  D.  Schwarz,  L.  L.  Coughenour,  R.  E.  Davis, 

D  T.  Dudley,  W.  H.  Moos,  T.  A.  Pugsley,  H.  Tecle  and 
C.R.  Clark.  Parke-Davis  Pharm.  Res.  Div.,  Warner-Lambert 
Co.,  Ann  Arbor,  Ml.  USA. 

Muscarinic  agonists  have  been  suggested  to  be 
useful  in  the  treatment  of  Alzheimer's  disease. 

In  this  report  we  present  the  characterization  of 
the  muscarinic  receptor  agonist,  1-'1,2,S,6- 
tetrahydro-l-methyl-3-pyridinyl )  -  ethanone,  0- 
acetyloxime,  HCl  (CI-969).  In  vitro,  CI-969  binds 
with  high  affinity  to  rat  brain  muscarinic 
receptors  with  no  significant  binding  at  a  number 
of  other  receptors.  Stimulation  of  scopolamine- 
sensitive  phosphatidyl  inositol  turnover  was 
observed  in  rat  cortical  slices  and  SK-N-SH  cells, 
while  presynaptically  CI-969  decreased  both  the 
release  of  ['^H]-ACh  from  rat  cortical  slices  and 
high  affinity  choline  uptake.  In  vivo,  CI-969 
produced  dose-dependent  cholinergic  effects  in 
models  of  central  (body  temperature,  EEC,  and 
local  cerebral  blood  flow)  and  peripheral  (GI 
motility,  heart  rate)  cholinergic  activity  with 
rodents  showing  activity  in  the  range  of 
l-3.2mg/kg  and  non-human  primates  at  O.Olmg/kg. 

In  addition,  analgesic  efficacy  was  also  observed. 
Thus,  CI-969  is  a  novel  muscarinic  receptor 
agonist  showing  central  activity  upon  oral 
administration. 


11  Relative  aversive  potency  of  muscarinic 
agonists 

M.  S.  G.  Clark,  J.  Hatcher  and  F.  Brown.  Beecham 
Pharmaceuticals  Research  Division,  Harlow,  CM19  5AD,  UK. 

ChollnotaioGtics  with  low  aversive  activity  (e.g. 
nausea/ ernes  is)  should.^be  useful  for  dementia  therapy* 
Conditioned  taste  aversion  (CTA)  was  used  to  estimate 
the  potential  of  drugs  to  Induce  such  aversive  effects. 
The  potencies  of  full  and  partial  agonists  and 
anticholinesterases  were  assessed  for  Induction  of  CTA 
In  rats  and  for  other  CN'S  effects  in  mice  e.g. 
inhibition  of  exploratory  locomotion;  induction  of 
hypothermia  and  tremor  (see  table  below). 


ED50  sc 


Drug 

CTA 

locomotion 

temperature 

tremor 

BRL  47042* 

0.0005 

0.0002 

0.0006 

0.002 

escrine 

0.29 

0.05 

O.l 

0.1 

oxotremorine 

0.3 

0.02 

0.04 

0.2 

BM5 

0.59 

0.07 

0.7 

10  I 

THA 

1.8 

1.58 

6.0 

6.0 

pilocarpine 

5.8 

1.57 

7.0 

10  I 

l“lnactive.  *BRL  4i7042  is  exo-3-(3-mechyl**l,2,4-oxa- 
dla2ol“5yl)“a2ablcyclo{ 2. 2. 1 |hcntane 

All  cholinomimetics  tested  caused  CTA  at  doses  higher 
chan  chose  that  inhibited  exploratory  loco.vcton,  an 
effect  taken  to  reflect  toe  cognitive  potential  of  the 
drugs.  The  partial  agonists  BMb  and  pilocarpine  did  not 
induce  tremor^  unlike  the  full  agonists,  BKL  ii70^2  and 
oxotremorine  which  did.  Low  tremorogenic  activity  of 
these  partial  agonists  may  not  be  a  real  advantage.  It 
is  offset  by  their  potency  in  CTA  which  suggests  that 
aversive  side  effects  will  be  the  more  limiting  factor* 


1 0  Tra.nsfer  of  ACh-like  behaviours  from 
CER  to  3  paradigms 

J.  D.  Lane  and  M.  J.  Forster.  Pharmacol,  Texas  Coll.Osteop. 
Med.,  Fort  Worth,  TX  76107,  USA. 

Previous  studies  front  this  laboratory  have  denonsttaeed 
thdt  the  presentation  of  a  conditioned  stimulus  ICS)  to 
rats  elicits  conditioned  emotional  response  <CER) .  This 
acquisition  and  extinction  of  behavior  is  correlated 
with  a  hypercholinergic'like  state  which  results  in 
compensatory  muscarinic  binding  site  plasticity  in  the 
cerebral  cortex.  He  tested  the  hypothesis  that  drug- 
naive  rats  exposed  to  CER  would  behave  in  other  well- 
characterized  behavioral  paradigms  as  though  they  had 
received  cholinergic  agonists.  Groups  of  animals  were 
trained  on  a  CSR  schedule,  such  that  presentation  of  CS 
on  testday  suppressed  food-seinfozeed  responding  and 
produced  collateral  behaviors  reminiscent  of 
emotion/anxiety.  Directly  after  the  CER  session, 
individual  animals  were  tested  for  passive  avoidance, 
active  avoidance,  or  activity  (Digiscan  apparatus)  . 
Compared  to  controls  (no  CS  presentation) ,  CER  rats 
exhibited  (statistically  significant,  p<0.0$):  a  24 
percent  decrease  in  locomotor  activity,  a  7$  percent 
increase  in  stereotypy,  a  50  increase  in 
antithlgmotactic  behavior,  a  15  percent  increase  m 
trials  to  criterion  for  active  avoidance,  anu  a  27 
percent  decrease  in  trials  to  criterion  for  passive 
avoidance.  Numerous  other  activity  measures  did  not 
distinguish  the  groups.  A  small  number  of  animals  which 
failed  to  exhibit  CER  did  not  demonstrate  the  changes  in 
activit-v  and  '*crc  ctbcrwisc 

observed  in  CER  animals.  Drug-naive  CER  rats  show 
decreased  locomotor  activity,  facilitated  passive  and 
retarded  active  avoidance,  ^ust  as  though  the  animals 
had  received  muscarinic  agonists  or  acetylcholinesterase 
inhibitors,  (supported  by  DAMD-17-88-C8026) 


12  Carbachol  induces  an  inward  Na+  current 
in  ventricular  myocytes  by  activating  M2 
muscarinic  receptors 

A.  Pappano  and  K,  Matsumoto.  University  of  Connecticut 
Health  Center,  Farmington,  CT,  USA. 


Carbachol  induces  Inward  current  carried  by  Na  through 
TTX-resistant  channels  In  ventricular  and  atrial  cell 
membranes.  This  action  of  carbachol,  which  Is  shared  by 
acetylcholine  but  not  by  oxotremorine,  Is  prevented  by 
the  noii-selective  muscarinic  receptor  (mAChR)  antagonist, 
atropine.  Voltage  clamp  experiments  were  done  on 
isolated  guinea  pig  ventricular  myocytes  in  Cs*  (20mH) 

-  containing  Tyrode  solution  to  ascertain  the 
pharmacological  properties  of  the  aiAChfi  involved  in  the 
action  of  carbachol.  Carbachol  (300pH>  induced  a 
steady  inward  current  of  '^25  pA  when  the  membrane  was 
clamped  at  •■he  resting  potential  (-75mV).  Atropine. 
AfOX-116  (Hj-selective)  and  pirenzepine 
(H|-selective)  suppressed  the  carbachol-induced  inward 
current  in  a  concentration-dependent  manner.  The 
antagonist  concentrations  for  501  inhibition  (IC5Q)  of 
the  carbachol  effect  were  20nM.  200nM  and  ISOOnM  for 
atropine,  AFOX-116  and  pirenzepine.  respectively.  The 
results  are  consistent  with  the  hypothesis  that  the 
inward  current  by  carbachol  is  initiated  at  Hj  rather 
than  M)  receptors.  The  Hj-selective  agonist, 

HcN-A-343  (300piH),  did  not  induce  an  inward  current  and 
could  antagonize  that  evoked  by  an  equimolar 
concentration  of  carbachol.  Summarily,  the  results 
indicate  that  the  inward  Na  current  induced  by  carbachol , 

bA  ......It..  k..  kkl. 
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agonist,  arises  from  activation  of  M?  receptors.  The 
increased  entry  of  Na'*'  caused  by  carbachol.  which  may 
stimulate  Na-Ca  exchange,  is  responsible  for  the 
atropine-sensitive  positive  inotropic  effect  seen  in 
ventricular  muscle  from  reserpine-treated  guinea  pigs. 
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13  Effect  of  muscarine  on  riembrane 
properties  of  locus  coerulei'S  neurons 

M.  J.  Christie,  J.  T.  Williams,  T  M  F-gan  and  R.  A.  North. 
Vollum  Institute,  Oiegon  Health  Sciences  University, 

Portland,  OR  97201,  USA. 

The  effects  of  miscarinlc  ;»f.onistP  were  measured  by 
intracellular  recordings  of  ruenbiunc  potential  and 
neiabranc  current  (single  electrode  voltage  ciamr)  of 
single  locuf.  coer ulcus  (LC)  neurons  in  slices  of  rat 
pons.  Huscarinic  agonists  produced  three  dlstinot 
effects.  Tnese  were:  1)  A  direct  excitation  via 
act'vVatJion  or  M2  (cardiac)  receptors  (Christic»  M.J. 
and  iVorch  P.A.  (1988)  Trends  Pharmacol.  Sci  Suppl. 
Subt>pes  ol  Muscarinic  Receptors  III,  I’d9^»  2) 

Inhibition  of  a  non-inaccivatjng  calciam  current;  3) 
reduction  Ir  the  potassium  current  caused  to  flow  b'' 
agonists  at  y-opicld  or  o^-rcc^jitors.  In  normal 
superfusien  raedium  the  direct  excitation  was  not 
associated  with  a  change  in  meebrane  conductance  or 
involvement  of  potassium  conductance.  Under  conditions 
in  which  cost  types  of  currents  were  blocked,  muscarinie 
produced  an  inward  current  with  Increased  memhfane 
conductance  which  reversed  polarity  at  -4+3  mV 
suggesting  the  involvement  of  increased  non-sclect ive 
cation  conductance.  Prc-trcitmcnt  of  animals  with 
pertussis  toxin  did  not  abolish  the  inward  currerc  (**60 
^  6  at  -60  mV,  n*'3).  Suoerfuslon  of  slices  with 
phorbol  12, 13-dlacetatc  did  not  mimic  or  affect 
responses  of  the  first  or  third  tvpc.  It  is  intriguing 
that  the  muscarinic  excitation  of  LC  neurons  Is  rediaced 
by  M2  receptors;  although  these  cells  have  othoj 
receptors  (p  and  02)  that  couple  to  poca;siu*:i 
channels,  the  M2  receptors  fall  to  do  so  and  instead 
excite  the  cells  through  an  unknown  second  messenger. 
This  second  messenger  might  also  bring  about  the 
impairment  of  coupling  between  u  and  02  rcceptori  and 
the  potassium  channels  and  perhaps  also  the  reduction 
in  calcium  cur'‘ent. 

14  Ml  and  M3  muscarinic  receptors  mediate 
two  types  of  membrane  electrical  responses 
in  Xeriopus  oocytes 

Y.  0,'On,  M.  Lupu-Meiri,  H  Shapii  i  and  A.  Davidson. 

Division  of  Physiology  and  Pharmacology,  SaeWer  Facolty  of 
Medicine,  Tel  Aviv  University,  Israel. 

Native  Xenopus  oocytes  exhibit  tvo  types  of  responses 
to  acetylcholine  (ACl.l.  The  ccoQon  response  in  oicytes 
of  a  majority  of  donors  consist  of  a  rapid,  transient 
(Dl)  and  a  prolonged,  slow  depolarizing  chloride  cur¬ 
rent  (D2).  Oocytes  of  rare  variant  dorsJrs  exhibit  a 
similar  two-component  depolarizing  chloride  response. 
Despite  this  similarity,  these  two  types  of  responses 
exhibit  profound  differences  of  amplitude,  kinetics, 
sensitivity  to  activation  of  protein  kinase  C  end  to 
collagenase  treatment  and,  str.kingly,  differences  of 
sensitivity  of  the  two  hcmlsphxires  of  the  oocyte  to 
local  application  of  agonist  (see  Table). 


Responses  at  the  two  heaii-’ 

CoQaon 

Vai'iant 

spheres  f&r<imal/vegetai ) 

0.7 

•5 

Latency  (sec) 

0.9 

5.4 

Aaplltude  (nA) 

<300 

>IC00 

45-Cs  efflux  (X  of  toUil) 

2.6 

30 

Effect  of  iihorbol  esters 

enhance 

inhibit 

Effect  of  coiiager-i/jc 

inhibit 

enhance 

Preliminary  evidence  indicates  that  the  coomion  r«>s- 
ponso  w«o  medi.ted  b;-  tJvE  '.si  lout  response  by  Mi 
receptors.  As  variant  responses  closely  reserabic  acqui¬ 
red  responses  to  ACh  in  oocytes  that  exju-ess  receptors 
after  injection  of  foreign  mRNA  and  use  the  inositol 
trisphosphate-calclim  signal  transduction  pathway,  we 
suggest  that  they  are  an  Intrinsic  model  for  this  class 
of  responses  in  native  Xenopus  oocytes. 


15  Muscarinic  receptors  mediating 
phosphatidyiinositol  turnover  in  cultured 
smooth  muscle  cells  of  the  rabbit  aorta 

S.  Manjeet  and  M.  K.  Sim.  Oepartma.nt  of  Phaimacology, 
Faculty  of  Madicine,  Nation.iil  Universily  of  Singapora, 
Singapore  C511. 

Acetylchollno  (ACh)  iivducec'  a  concentracion- 
dapendent  accuinii).acion  of  incsito).  phosphaCe  (IF.) 
formation  in  cultured  siroorh  inLcole  cells  of  tne 
rabbit  aorta.  The  effects  of  three  muscarinic 
antagonists,  namely  atropine,  scopolamine, 
pirenzepine  and  a  CI'P  analogue  (GppNl^)  on  the 
ACh-lndixif.’d  accumulation  of  IP.  were  investigated. 
The  four  compounds  inhibited  concentration- 

dejiendently  the  ACh-induced  accurulation  of  IP.. 
The  ICcf.  values  for  atinpine,  scopolamine, 
pirenzepine  and  GppMH>  were  22  nM,  440  3.7  iiM 

and  3b  rW  respect.’ vely.  The  data  seem  to  indicate 
that  the  muscarinic  receptors  iiediating  Che 

breakdown  of  phospfiacidyllnosttol  in  the  smooth 
mjscle  (1)  have  extremely  low  affinity  for 
.scopolamine,  (ii)  .ire  unlikely  to  be  the  M~  types 
of  receptors  and  (iii)  are  GppN)^  sensitive.  The 

data  also  support  cw  recent  findings  that  the 

muscarinic  receptors  in  Che  smooth  muscle  of  the 
rabbit  aorta  consist  of  a  high-(GppNHp)  sensitive 
and  a  low-affinity  binding  site  (1).,  Our  latest 
study  also  shew  Chat  Che  bindinj’  of  TI-ACh  Co  the 
.smooth  muscle  muscarinic  receptors  is  displacable 
by  nancmolsr  range  of  atropine  but  only  by 
micromolar  range  of  scopolamine. 

(1)  M.K.  Sim  &  S.  ^felnjeec.  Eur.  J.  Pf-iarmscol 
(in  Press). 


16  Are  there  rnullipie  types  of  muscarinic 
receptors  linKfid  to  inos'.oi-monophosphate 
formation  in  rat  hippocampu;;? 

M  ri  Richards.  Mtriel:-Doiv  Resoarc.b  In.siitute,  Strasbourg, 
f-.ance. 

Muec'iicinxc  antagonxsts,  ron-selective  or  putatively 
selective  for  Hi,  H2  or  H3,  receptors,,  were  tested 
against  carbachol 'induced  xnositol-nonophosphate  (iri) 
foraation  in  slices  of  xst  h>ppocan;>us.  The  classic^*) 
antagonists,  atro:>inc  and  N-nethylscopola'nine,  had  Hill 
coefficients  >  0.3,  consistent  with  interaction  at  one 
site,  the  Hi  selective  analocn  pirenrepine  and 
telcnsepine  differed  in  their  Hill  coefficients 
the  foraer  had  a  value  of  0/  4hiiU  *.he  latter  was  1.03. 

ihe  Nh  of  the  M!'  selective  analog  of  pira.nzepire,  AF- 
OX  116,,  was  also  close  to  vjilty.  Ke>ahydro!»Lla- 
diftnidol,,  a  H3  nelecllw  antagonist,  inhibited  1P1 
forr,ation  with  Nh  e  c.7  while  for  its  carbon  arialog, 
tnhexyphenidol ,  *  0  6.  Picycloain<*,,  which  also 

displayed  high  affinity  at  the  M3  sitr,  iiad  a  low  Hill 
coefficient  (Nh  *  0.')  Hiabacine,  selective  for  M2 
receptors  but  with  viu lar  low  affinities  at  Ml  and  M3 
sites,  a^so  blocke^i  I?1  fcraatio'i  in  rnt  hjppocampus 
slices  with  n  low  th  '0.7).  oiff«*rences  were  Also  found 
between  agonists.  CaibachoL,  oxetreaoxino-M  and 
arecaidine  propnrqyl  ester  wore  full  ir* 

stiaulating  IP'  forfiation  bit,  whereas  the  fortier  two 
gave  a  nonophssic  conc9fttra*:ion-respons(’  curve,  the 
latter  gave  ?  biphidsic  response,  '.'hus,  si.inulation  of 
IP1  foraaticr.  in  rat  Juppocampus  appeavs  to  be  linked  to 
more  than  o.ie  tyr>e  of  vuscarinic  rece;>toi .  The  affinity 
values  obtnined  with  cho  abuve  antagonists  suggest  these 
to  be  a  mixture  of  K1  aid  M3  receptors. 
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1 7  Cholinergic  stimuiation  of 
phosphoinositide  breakdown  and  detrusor 
smooth  muscle  contraction  in  absence  of 
extraceiluiar  calcium 

L.  Noropha-Blob,  V.  C.  Lowe  and  W.  J.  Kinnier.  Nova 
Pharmaceutical  Corp.,  Baltimore,  MD  21224  USA. 

Previous  stidiss  showed  that  tnuscarinic  receptor-mediated 
phosphoinositide  breakdown  (PI)  n’ay  serve  as  the  transducing 
mechanism  for  cholinergic  contraction  of  the  urinary  bladder 
(Noronha-Blob  et  al.,  JPCT,  19S3).  Furthermore,  we  showed  that  it 
IS  the  anticholinergic  activity  of  agents  dmicalty  used  to  treat  urinary 
incontinence  that  Is  important  in  controlling  bladder  contractility  and 
voiding,  although  these  drugs  may  also  possess  other  ancillary 
activities  (Noronha-Blob  et  ai ,  1988). 

In  the  present  study,  guinea  pig  detrusor  smooth  muscle 
contraction  was  induced,  by  carfaachol  (CBC)  In  the  absence  of 
extransilular  calcium  ([Ca**]  J  with  a  lower  efficacy  (-60%)  but  vnth 
ine  same  potency  (ECm  -2  »M)  as  that  observed  in  presence  of 
(Ca**]o-  '0  contrast,  KCI-evoked  contractions  were  abolished  in 
absence  of  [Ca®*)oi  but  returned  when  Ca'*  was  restored.  Clinically 
useful  drugs  (oxybutynii,,  imipramine,  dicyclomine,  propantheline 
and  terodiline)  produced  rightward  parallel  shifts  of  the  CBC  dose 
response  curve  yielding  values  that  were  similar  both  in  presence 
and  absence  of  (Ca^J^.  Phorbol  12,13-dibutyrata  (PDBu),  an 
activator  of  protein  kinase  C,  but  not  4-<-P0Bu,  caused  detrusor 
contractions  in  presence  of  (Ca^'J^  only.  CBC  also  stimulated  PI 
turnover  both  in  presence  and  absence  of  (Ca**]„.  Together,  these 
findings  suggest  that  (1)  detrusor  contractions  may  occur  in 
absence  of  'Ca'*],  presumably  by  inositol  phosphate-induced 
intracellular  Ca**  mobilization;  (2)  since  drugs  used  for  unnary 
incontinence  block  both  PI  turnover  and  smooth  muscle  contraction 
in  absence  of  (Ca®*)„,  their  pharmacological  mechanism  of  action 
may  be  mediated  through  the  coupling  of  muscannic  receptors  to 
the  Pi  t'ansduction  system. 


18  Muscarinic  receptor  mediated 
hyperpoiarization  of  somata  membrane  in 
toad  dorsal  root  ganglion  neurons  and  its 
underlying  ionic  Basis 

Z.  W.  Li  and  C.  Y.  Li.  Centre  of  Experimental  Medical 
Research,  Tongji  Medical  University,  Wuhan,  China. 

It  has  been  reported  that  there  exist  ACh  re¬ 
ceptors, both  nicotinio  and  muscarinic  receptors, 
in  somata  membrane  of  dorsal  root  ganglion  (IMG), 
neurons  (Korita  &  Eatayama.,  Brain  Res.,^,  27?, 
1984).  In  our  experiments,  intracellular  record¬ 
ings  were  performed  from  isolated  superfusion 
preparation  of  toad  DRG  neurons.  In  total  of  70 
neurons,  65  wero  of  type  A  cell  and  remaining  5 
were  of  typo  C  cell.  During  the  application  of 
2x10"^  ACh  into  the  recording  chamber  by  drop¬ 
ping,  a  hyperpoiarization  or  a  biphasic  response 
Un  initial  hyperpoiarization  followed  by  a  more 
pronounced  depolarization)  results^cWhl ch  was 
blocked  by  pre-perfusion  of  1.3x10  atropine 
(n=25).  Besides,  the  depolarization  could  be  an¬ 
tagonized  by  pre-perfusion  of  1.4xlO“^M  tubocu- 
rarine  (n=18).  The  hyperpoiarization  may  also  be 
induced  by  application  of  muscarine,  the  respon¬ 
se  was  blocked  by  gaHamine  but  not  by  pirenzo- 
pine.  This  indicates  that  the  soma  of  toad  DRG 
neuron  is  endowed  with  H-  receptor.  In  further 
study  of  ionic  basis  in  muscarinic  hyperpoiari¬ 
zation,  an  increase  in  membrane  potassium  con¬ 
ductance  and  a  value  of  average  -96mV  in  rever¬ 
sal  potential  were  observed  during  the  ch3r.»;e  in 
membrane  ootential.  which  can  ho  hloekod  or  pnr- 
tial  blocked  by  perfusion  of  TEA  and  fb’Clp  or  by 
removal  of  extracellular  calcium.  These  results 
suggest  thot  the  activation  of  oalclum-senn j  tive 
potassium  conductance  (“k,ca)  might  bo  involved 
in  muscarinic  hyperpoiarization. 


19  Preferential  activation  of  calcium/ 
calmodulin  kinase  rather  than  protein  kinase- 
C  (PK-C)  by  Mo-receptors  in  human  colonic 
epithelial  carcinoma  cells  (HT  29) 

A  Pfeiffer,  P.  Koht,  G.  Sauter  and  R.  Kopp.  Medizinische 
Klinik  II,  Kltnikum  GroBhadern,  University  of  Munich,  D  8000 
Munich  70,  FRG. 

Homao  colonic  mucoso  contolos  moinly  M3-receptors.  We 
investi9oted  detoils  of  their  coupling  to  the 
phosphatidyl-inositol  (PI)  second  messenger  system  in 
humon  colonic  HT-29  colls  which  contoin  4000 
M3-receptors/cel 1 .  The  Pl-system  generates  the  2  second 
messengers/  inositol  trisphosphote  which  eievotes 
introcellulor  colcium  ond  diocylglycerol  (0A6),  These 
second  messengers  in  turn  octivote  either  Co/colmodulin 
kmose  or  PK-C  which  moy  leod  to  different  responses. 

Muscorinic  stimulotion  with  corbochol  (0,1  mM) 
increosed  formotion  of  (.H)IP3  and  coused  o  brief  early 
ond  o  deloyed  i  crease  in  DAG  (determined 
rodioenzymoticol iy ) ,  I''  unstimuloted  cells  PK-C  wos 

primarily  (90%)  in  the  soluble  comportment  and  there 
wos  only  o  snoll  translocotion  to  the  membrane 
comportment  upon  muscorinic  stimulotion  (10%).  To 
obtoin  direct  evidence  for  octivotion  of  either 
Co/cclmodulin  kinose  or  PK-C,  lobeling  of 

phosphoproteins  with  (..P)i  upon  stimulotion  with 

corbochol  or  TPA  wos  determined.  Phosphoproteins  were 
resolved  by  two  dimensionol  polyoerylomide  gel 
electrophoresis  ond  visuolized  by  outorodiogrophy.  At 
15  min  TPA  reproducibly  oltered  the  phosphorylotion  of 
ot  ieost  9  proteins.  Corbochol  oltered  the 

phosphof ylotion  o*  5  proteins  of  wnich  only  one 
coincided  with  these  offef*t©d  by  TPA. 

We  conclude  thot  cholxnt',^ic  stimuli  primorily  octivote 
the  Co/colmodulin  response  bronen  while  PK-C  oppeors  to 
ploy  only  o  minor  role.  The  mechonisms  of  this 
differentiol*  reguiotion  ore  presently  under 

invostiogtion. 

Supported  by  the  Wilhelm  Sonder-Stif tung 


20  Protein  kinase-C  is  not  involved  in 
muscarinic  phosphoinositide  feedback 
regulation  in  human  intestinal  cells 

R.  Kopp,  P.  Meyer  and  A.  Pfeiffer.  Medizinische  Klinik  11, 
Klinikum  GroBhadern,  University  of  D8000  Munich,  FRG. 

HT-29  colon  carcinoma  cells  contain  M3  muscarinic 
receptors  coupled  to  phosphoinositide(PI)-netabolisn. 
Pretreataent  of  these  cells  with  carbachol  (O.lntM,  4  h) 
inhibits  the  subsequent  ability  of  carbachol  to  increase 
pH)-inositolphosph3te(lP)  accumulation*  which  indicates 
desensitization.  Although  activation  of  endogenous 
proteinkinase-C  seems  to  be  involved  in  desensitization 
of  Pl-metabolism,  the  mechanism  in  intestinal  cells  is 
unknown.  We  investigated  agonist  and  proteinkinase-C 
(FK-C)  mediated  desensitization  by  determination  of 
muscarinic  binding  sites,  NaF-stimulated  IP-release  and 
direct  measurements  of  phospholipase  C  (PL-C)  activity. 

Reaulis :  Agonist  induced  desensitization  is  paralleled 
by  a  complete  loss  of  muscarinic  binding  sites.  In 
contrast.  proteinkinase-C  mediated  descnsitisatlon  by 
incubations  with  phorbolesters  (PMA  0.1  mM«  95% 
Inhibition  after  U  hours),  is  accompanied  by  an  only  40% 
reduction  p{(*H)NMS  binding,  suggesting  an  additional 
mechanism  of  negative  feedback  control.  Membrane- 
associated  PK-C  activity  increased  only  10-20%  after 
carbachol  treatment  (IS  min).  Direct  stimulation  of  IP- 
b'^  Hip  (2055M)  •.fas  net  affected  after 
prelreatment  with  phorbolesters  or  carbachol, 
demonstrating  an  intact  function  of  C-protein  and  PL-C 
at  the  effector  side.  Determination  of  PL-C  activity 
using  (^H)P^  as  substrate,  indicated  no  major  effects 
after  carbachol  or  PMA  pretreatment. 
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Conclusion ;  Cur  results  indicate  that  agonist-induced 
dcsensitization  of  Pl-tumover  nainly  occurs  at  the 
receptor  level  with  a  rapid  loss  of  muscarinic 
receptors.  Activation  of  endogenous  PK-C  contributes 
only  to  a  minor  extent  to  negative  feed-back  control 
mechanisms  in  human  intestinal  cells. 


21  Differential  activation  of  inhibitory  and 
facilitatory  muscarine  receptors  on  the  rat 
phrenic  nerve  under  different  stimulation 
conditions 

I.  Wessler  and  M  Offermann,  Pharmakologisches  Institut  der 
Universitat  Mainz,  FRG. 

Transmitter  release  from  the  motor  nerve  is  under  the 
local  control  of  nicotine  and  muscarine  autoreceptors. 
According  to  the  potencies  of  pirenzepine  and  dicyclomine 
both  types  of  muscarine  receptors  might  be  regarded  as 
Ml**receptors.  In  the  present  experiments  activation  of 
muscarinic  autoinhibition  or  autofacilitation  vas  inves¬ 
tigated  under  different  stimulation  conditions:  continu¬ 
ous  nerve  stimulation  (current  strength  8  mA;  100  or  ISOO 
pulses  at  5  H2)i  intermittent  nerve  stimulation  (40  pulses 
at  50  Hz  every  10  s;  680  or  1500  pulses)/  continuous  field 
stimulation  (current  strength  80  mA;  100  or  1500  pulses 
at  5  Hz) .  Increase  or  decrease  by  scopolamine  of  evoked 
[^H}acetylcboline  (ACh)  releaso  indicates  activation  of 
muscarinic  autoinhibition  and  autofacilitation,^  respect¬ 
ively. 

Scopolamine  enhanced  ACh  release  evoked  by  the  short 
period  (100  pulses)  of  continuous  nerve  or  field  stimula¬ 
tion.  The  antagonist  reduced  ACh  release  evoked  by  the 
long  period  (1500  pulses)  of  nerve  stimulation.  Scopo¬ 
lamine  failed  to  affect  ACh  release  evoked  by  the  long 
period  of  both  field  and  intermittent  nerve  stimulation. 
However,  scopolamine  enhanced  ACh  release  during  inter¬ 
mittent  nerve  stimulation  when  the  number  of  pulses  was 
reduced  (680  pulses) .  The  present  experiments  demonstrate 
muscarinic  autoinhibition  which  is  activated  during  short 
periods  of  continuous  or  intermittent  nerve  stimulation. 
Muscarinic  autofacilitation  occurs  during  a  long  period 
of  continuous  nerve  stimulation,  whereas  intermittent 
nerve  stimulation  or  continuous  field  stimulation  pre¬ 
vents  muscarinic  autofacilitation  from  being  activated. 
It  is  proposed  that  the  facilitatory  muscarine  receptors 
of  the  motor  nerve  are  located  proximately  to  the  inhibi¬ 
tory  receptors.  The  latter  receptors  appear  to  be  local¬ 
ized  near  the  active  release  zones. 


22  On  the  muscarine  receptors  of  cfiolinergic 
nerves  and  sphincter  muscle  in  the  isolatea 
guinea-pig  iris 

H.  Fuder,  I,  Bognar  and  M.  Th.  Wesner.  Pharmakologisches 
Institut  der  Universitat  Mainz,  Obere  Zahibacher  Sir.  67, 
0-6500  Mainz,  FRG, 

Muscarine  receptors  IHR)  on  synpathetic  nerves  of  the 
rabbit  or  guinea-pig  iris  belong  to  the  H:  type  whereas 
the  postjunctional  HR  in  the  rabbit  ins  sphincter  are  of 
the  Ml  type  (1).  To  obtain  inforeation  on  the  type  of  HR 
nediating  inhibition  of  the  acetylcholine  (ACH)  release, 
»e  investigated  the  overflow  of  "C  activity  after  load¬ 
ing  the  cholinergic  nerves  of  the  guinea-pig  iris  with 
“C-choline.  The  increase  by  HR  antagonists  of  ”0  over¬ 
flow  evolied  by  field  stinulation  (2  Bin,  S,5  Hz,  1  bs) 
was  taken  as  a  paraBeter  for  blockade  of  prejunctional 
HR.  At  the  sane  tine  the  decrease  by  HR  antagonists  of 
ins  sphincter  contractions  upon  evoked  irx  re’etee  ”»rc 
taken  as  a  Beasure  for  blockade  of  postjunctional  HR. 

Atropine  0.1  (iK  doubled  the  evoked  ‘*C  overflow,  abol¬ 
ished  the  initial  phasic,  and  reduced  the  secondary  tonic 
contraction  of  the  ms.  Likewise  pirenzepine  10  uH 
Baxiaally  enhanced  the  evoked  ‘.c  overflow  In.S)  and 
decreased  the  contraction  responses  indicating  the  lack 


of  an  Ml  MR  at  both  sites.  In  contrast,  the  H>  selective 
hexahydrosiladifenidol  failed  to  affect  the  >.C  overflow 
up  to  10  (jH  (n-S)  but  decreased  the  postjunctional  resp¬ 
onses  at  >  1  pH  indicating  the  lac):  of  a  prejunctional  Hi 
HR.  OallaBine  100  pH  (n=5)  enhanced  both  the  ‘<C  overflow 
and  the  contraction.  Siailarly  the  Hi  selective  Bethoc- 
traaine  >  1  pH  (n.d)  significantly  enhanced  the  evoked 
overflow  and  increased  the  postjunctional  response  to 
field  stiBulation. 

The  data  are  coapatible  with  the  idea  that  ACH  releas¬ 
ed  froB  the  guinea-pig  iris  causes  autoinhibition  via  Hi 
MR  and  contracts  the  iris  sphincter  probably  via  Hi  HR. 

Supported  by  Deutsche  Forschungsgeaeinschaf t 

(1)  Bognar  et  al.,  Hur.  J.  Pharaacol.  1089,  in  press. 


23  On  the  prejuctional  muscarine  receptors 
of  cholinergic  nerves  in  the  perfused  rat  heart 

I.  Bognar,  B.  Beinhauer  and  H.  Fuder.  Pharmakologisches 
Institut  der  Universitdt  Mainz.  Obere  Zahibacher  Str,  67,  D- 
6500  Mainz,  FRG. 

Prejunctional  nuscarine  receptors  (HR)  on  noradrenergic 
nerves  and  postjunctional  MR  in  the  rat  heart  belong  tc 
the  Hi  or  cardiac  type  (1).  He  studied  the  effects  of 
several  HR  antagonists  on  the  autoinhibition  of  acetyl¬ 
choline  (ACH)  release  in  the  perfused  rat  heart  with  both 
vagal  nerves  attached.  The  ACH  stores  were  pulse-labelled 
with  “C-choline,  and  the  tetrodotoxin-sensitive  “C- 
overflow  into  the  perfusate  upon  7  vagal  stiBulations  (S, 
10  Bin  apart;  720  pulses,  10  Hz)  was  deterained. 
StiBulation-evoked  overflows  in  the  absence  or  presence 
of  the  antagonists  (14  or  4  Bin  equilibration)  are  given 
as  S4  or  S5/S2  ratios  (**  P  <  0.01).  Concentrations  of 
antagonists  were  chosen  to  yield  about  10  tises  the  pAi 
at  the  cardiac  (AF-DX  118)  or  at  the  ileal  HR  type 
(hexahydrosiladifenidol,  HHSiD). 

_  (uH) _ S4/S2 _ 55/82 _ n 

Controls  0.90  ±  0.11  0.59  ±  0.11  6 
Atropine  (0.001,  O.Ol)  1.31  i  0.27  1.87  ±  0.35**  6 
AF-DX  118  (0.1,  1)  1.90  t  0.09**  1.83  1  0.10**  0 

HHSiO _ (0.01,  0.1)  0.95  t  0.17  0.75  t  0.13 _ 5 

Atropine  0.01  pH  increased  the  evoked  ‘*C-overflow  about 
3  told  coBpared  to  controls,  indicating  that  under  these 
stiBUlation  conditions,  the  autoinhibition  is  activated 
by  endogenous  ACH.  Tbs  cardio-selective  antagonist  AF-DX 
118  was  about  100  fcld  less  potent  than  atropine.  At 
concentrations  selective  lor  the  ileal  type  of  HR,  HHSiD 
failed  to  affect  the  ACH  release.  The  results  arc 
coBpatible  with  an  H>  or  cardiac  type  of  MR  Bediating 
autoinhibition  of  ACH  release  in  the  rat  heart  in  vitro. 
Apparently,  autoreceptors  in  the  rat  heart  differ  Iron 
those  in  the  guinea  pig  ileus  which  belong  to  the  SBOotb 
Buscle  or  ileal  type  (1).  Supported  by  DFC. 
(1)  Fuder  et  al..  Eur.J.PharBacol.  113:125,  1985. 


24  Prejunctional  inhibitory  muscarine 
receptors  modulating  acetylcholine  release  in 
the  guinea  pig  trachea:  direct  evidence  by 
release  experiments 

G.  D'Agostino.  M.  C.  Chiari,  E.  Grana  and  A.  Subissi*. 

Institute  of  Fharmacology,  Favia,  Italy  and  ‘Laboraton 
Giudotti,  Fisa,  Italy. 

The  presence  or  a  p. ejunctlona)  Inhibitory  muscarinic 
feed-back  mechanism  modulating  the  release  of 
acetylcholine  (ACh)  from  nerve  terminals  of  the  guinea 
pig  trachea  was  Investigated  by  a  radioisotope  method. 
r-:chc:’  c.'socth  muse);  strips  i/ii'o  Obtairiuo  cuiMiucting 
crosswise  with  clips  five  pieces  of  four  rings  each  and 
placed  In  Krebs-Henselelt  solution  that  contained  In 
addition  propranolol,  Indomethacin  and  guanethidine.  The 
preparations  were  preincubated  with  ’ll-chol1ne  and 
stimulated  by  electrical  field  stimulation  by  means  of 
trains  of  50  pulses  at  10  Hz.  Such  a  procedure  Improved 
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the  content  of  tritlated  ACh  In  the  tissue.  The  field 
stimulation  at  5  Hz  (600  pulses)  produced  a  release  of 
tritium.  Host  of  the  Induced  outflow  was  found  to  be 
*H-ACh.  Both  tetrodotoxin  treatment  and  calcium  omission 
from  the  medium  prevented  such  an  evoked  outflow.  When 
two  electrical  stimulations  (Si  and  Sz)  were  carried  out 
at  5  Hz  (600  pulses)  at  30-m1n  Interval  an  Sz/Si  ratio 
of  0.91  was  found.  Physostigmine  reduced  the  evoked 
release  of  ®H-ACh  whereas  atropine  Increased  It  in  a 
concentration-dependent  manner.  Oxotremorine,  carbachol 
and  pilocarpine  decreased  the  ’H-ACh  evoked  outflow  In  a 
concentration-dependent  fashion.  The  maximal  Inhibition 
In  release  was  by  about  90  x.  These  findings  provided 
direct  evidence  that  the  trachea  of  the  guinea  pig  Is 
equipped  with  prejunctional  muscarine  receptors 
Inhibiting  the  release  of  ACh  from  postganglionic 
nerves. 


25  Differential  effects  of  pertussis  toxin  (PTX) 
on  the  Mi-  and  Mo-  receptor-mediated 
modulation  of  aceiylcholine  (ACH)  release 

G.  H.  Kilbinger  and  K.  0.  SUss.  Pharmakologisches  tnst'rtut, 
Universitat  Mainz,  D-6500  Mainz,  FRG. 

Hie  diolinerglc  neurones  of  guinea  pig  myenteric 
plexus  contain  muscarine  receptors  whose  stLmulation 
causes  either  inhibition  (M2)  of  the  evdted,  or  increase 
(Ml )  of  spontaneous  release  of  ACH,  We  have  investigated 
whether  PTO-sensttive  G-proteins  are  involved  in  the 
muscarine  receptor-mediated  modulation  of  ACH  release. 
For  cemparison  the  influence  of  PK  on  the  effects  of 
adenosine  (A)  were  studied  on  isolated  left  guinea  pig 
atria. 

Guinea  pigs  were  Injected  with  PTX  (60  iig/kg  iv) 
and  l<illed  3  days  later.  A  and  pilocarpine  (P)  had 
negative  inotropic  effects  (BC50:  34  and  0,9  pH, 
respectively)  which  were  significantly  attenuated  by  PTX 
(EC50:330  and  12  pM),  Myenteric  plexus  preparations 
prelabelled  with  [3H]choline  were  superfused  with  lyrode 
solution  and  stimulated  electrically  (0.1  and  1  Hz).  A 
(10  pM)  reduced  the  evoked  [3H]ACH  release  by  79  +  3  « 
(N=8)  in  control  experiments  and  only  by  52  +  4  %  ~(N=5) 
in  preparations  from  PIX-treated  guinea  pigs.  Likewise, 
PTX  treatment  signficantly  attenuated  the  inhibitory 
effect  of  10  pH  A  on  the  electrioally  evoked  contrac¬ 
tion  of  the  smooth  muscle  (77  +  3  %  vs  14  i  2  %).  The 
inhlbitiois  of  evc9:ed  [3H]ACH  release  by  0.1  iW 

oxotremorine  (63  i  2  %)  and  30  pM  P  (51  i  3  %)  were  not 
significantly  affected  by  PIX  pretroatment  (65  +  2  and 
42  +  6  %).  However,  the  increase  of  [3H}ACii  release  by 
30  pH  P  (4.48  +  0.24  %  of  tritium  tissue  content,  N=7) 
was  significantly  attenuated  by  PTX  treatment  (1.87  *_ 
0,34  %,  Ns13).  It  is  concluded  that  PK-sensitive  <P 
proteins  are  involved  in  the  receptor  mechanisms  coupled 
to  scna-dendritic  Ml  receptors,  tot  not  in  the  M2- 
reoeptor  mediated  autoinhibition  of  ACH  release. 


26  Age-related  changes  in  the  muscarinic 
receptor  autcregulation  of  acetylcholine 
release  from  rafbrain 

D.  M.  Araujo,  P.  A.  Lapehak,  B.  Collier,  and  R.  Quirion. 
Douglas  Hospital  Res.  Ctr.  &  McGill  Univ.,  Montreal,  Quebec. 
Canada. 

Cholinergic  function  has  been  reported  to  change  with 
age  in  the  brain  of  several  species.  In  addition,  the 
status  of  muscarinic  receotor  sites  mav  be  altered  in 
the  norma)  aging  process.  Thus,  we  attempted  to  charac' 
tcrize  the  binding  of  muscarinic  ligands  to  horix^genates 
of  3  (young),  9  (middle-aged),  and  27  (old)  month-old 
rats  and  to  study  the  regulation  of  endogenous  acetyl¬ 
choline  (ACh)  release  by  muscarinic  autoreceptors  from 
cissue  slices.  Our  results  demonstrate  that  while  the 


density  of  the  total  muscarinic  receptor  population,  as¬ 
sessed  using  ^H-QNB  as  ligand,  is  not  altered  in  the 
aging  rat  brain,  the  density  (Bmax)  of  muscarlnic-M2 
sites  (quantified  using  3h-AF-0X  116)  is  significantly 
reduced  In  most  brain  areas  (cortex,  hippocampus, striatum, 
thalamus)  by  9  months  of  age  and  further  reduced  by  27 
months.  Huscarin)c-Ml  sites,  defined  using  3H-pirenzepine, 
were  only  modestly  reduced  In  cortex  and  thalamus  of  27 
month  old  rats,.  In  slices  of  cerebral  cortex  and  hippo¬ 
campus,  where  ^H-AF-DX  116  binding  was  markedly  reduced 
with  age,  the  effect  of  exogenous  AF-DX  116  to  enhance 
ACh  release  was  also  significantly  reduced.  In  slices 
from  ^-fwnth  old  rats,  AF-OX  Il6  increased  release  by 
A0-50t;  in  the  9-month  old  rats,  this  effect  ranged  from 
28-35%;  in  the  old  rats,  this  effect  was  only  11-25%  of 
control  (release  in  the  absence  of  drug).  However,  In 
the  striatum,  where  the  density  of  muscarinIc-H2  sites 
is  reduced  by  2^%  and  35%  in  the  9“  and  27-month  old 
rats,  respectively,  the  AF-DX  116-  induced  increase  in 
ACh  release  is  similar  to  that  In  the  3-month  old  rat 
brain.  In  conclusion,  it  appears  that  the  decrement  in 
muscdrinic-H2  receptor  sites  in  the  aging  rat  brain  may 
be  reflected  In  a  change  in  autoreceptor  function. 


27  Effects  of  two  (different  types  of 
pyrethroids  on  subpopulations  of  muscarinic 
receptors  in  the  neonatal  mouse  brain 

P.  Eriksson.  Department  of  Zoophysiology,  Uppsala 
University.  Uppsala,  Sweden 

Pyrethroids  are  commonly  divided  into  Type  I 
compounds  which  lack  an  o-cyano  substituent, 
and  Type  II  compounds  which  contain  a  o-cy- 
anophenoxybenzyl  substituent.  The  main  symp¬ 
tom  of  exposure  to  the  former  is  tremor  while 
choreoathetosis  and  salivation  are  the  main 
symptoms  of  the  latter.  In  this  study  ten- 
day-old  NMRI  mice  were  given  either  deltaraet- 
hrin  (Type  II),  bioallethrin  (Type  I)  or  the 
vehicle  orally  once  daily  for  seven  days.  The 
doses  used  were  as  follows:  deltamethrin, 

0.71  and  1.2  mg/kg  body  wt. ;  bioallethrin, 
0.72  and  72  mg/kg  body  wt.;  and  20%  fat  emul¬ 
sion  vehicle,  10  ml/kg  body  wt.  The  mice  were 
killed  24  hr  after  the  last  administration, 
and  crude  synaptosomal  fractions  (P2)  were 
prepared  from  the  cerebral  cortex  and  hip¬ 
pocampus.  At  the  lower  dose,  which  did  not 
cause  any  neurotoxic  symptoms,  both  pyreth- 
roid  types  caused  a  increase  in  the  specific 
^H-QNB  binding  sites  in  the  cerebral  cortex. 
The  proportions  of  high-  and  low  affinity 
binding  sites  were  assayed  in  a  displacement 
study  using  ^H-QNB/carbachoi .  Here  deltameth¬ 
rin  caused  an  increase  and  decrease  in  the 
percentage  of  HA-  and  LA-binding  sites,  resp¬ 
ectively,  whereas  the  reverse  was  observed 
after  bioallethrin  treatment.  The  higher 
doses  revealed  typical  symptoms  of  pyrethroid 
poisoning.  At  this  dose  deltamethrin  affected 
the  muscarinic  receptors  in  the  hippocampus, 
whereas  bioallethrin  had  no  apparent  effect. 


28  In-vivo  regulation  of  CNS  muscarinic 
receptor  subtypes  by  chronic  agonist  anci 
antagonist  administration  in  rats 

M.  Walson  and  X.  Mina.  Deoartmenl  of  Pharmacology. 
University  of  .Medicine  and  Dentistry  of  New  Jersey  - 
New  Jersey  Medical  School,  Newark.  NJ.  07103,  USA. 

Data  from  selective  antagonists  such  as  pirenzepine 
(PZ)  and  AF-DX  116  (U-2-((2-((dlethylamlno)  methyl)-!- 
plperidlnyl]  aoetyl)-5,ll-dihydro-6H-pyrido  (2,3-b)(l,4) 
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benzodiazepine-6-one)  In  binding  and  functionca  assays 
lead  to  subtyping  of  lauscarinic  acetylcholine  receptors 
(aAChRimps  Sunni,  m:  1988).  Molecular  cloning  data 
show  a  family  of  five  mAChR  genes,  each  sheuing  the  same 
preposed  overall  structure  and  extensive  sequence  homol¬ 
ogy.  Our  binding  studies,  in  good  agreement  with  in  sitii 
hybridization  studies,  imply  three  mAChR  subtypes  exist 
in  CNS  tureas  like  oomus  striatum  (CS)  and  cerebral  cor¬ 
tex  (CC).  t^HJPZ,  t^H]AF-DX  116,  [ ^H) (+)crsmethyl- 
dioxolane  ((■’H](+)CD),  which  can  selectively  label  the 
super  high  affinity  agonist  site,  and  t^H)(-)quinucli- 
dinylbenzilate  (t^H)(-)QNB)  binding  were  done  as  has 
been  described.  Membranes  were  incubated  at  25 ‘C,  Ih  or 
2h,  in  lOmM  sodium  pot^tssium  phosphate  buffer  with  ImM 
magnesium  in  a  1ml  volume.  Effects  on  recognition  sites 
for  t^HJlabels  were  assayed  after  lid  chronic  adminis¬ 
tration  of  those  drugs  (ip):  atropine  (AT)(10mg/kg/d), 
carbamylcholine  (CAR)  (Irog/kg/d)  and  an  oxotremorine  ana¬ 
log,  BM-S  (5mg/kg/d:  lOmg/kg/d).  Dissociation  constants 
(Kd)  for  [^H](-)QNB  (14-SOpM),  (2-12nM), 

(■^H)(+)CD  (1-SnM)  and  (^HjAF-DX  116  (16-60nM)  were 
similar.  Regional  studies  revealed  adaptation  with  al¬ 
tered  estimates  of  rea^rtor  density  (Bmax).  AT  increased 
t,H)(-)QNB  binding  in  hippocampus>CS>CC,  and  (%)P2 
binding  was  similar.  In  CC,  CAR  caused  downr^ulatlon  or 
subsensitivity  (-36%,  p<.05)  by  (^H)  (-)QNB  assay.  BM-5 
causes  unregulation.  BM-S  also  raised  CC  (^H)A^-DX  116 
binding  (151%,  p<.05)  but  AT  didn't  eilter  CC  {^H](+)CD 
binding.  Each  subtype,  and  pre-  and  postsynaptic  mAChR's 
appear  bo  show  differential  and  complex  reguiatory  capa¬ 
bilities.  Supported  in  part  by  FUMDHJ,  BRSG  &  KH-43P2‘:. 


29  Synaptosomal  acetylcholine  release  is 
modulated  by  and  Mg  mACh  receptors 

Z.  Pittel,  E.  HeWman,  R.  Rubinstein*  and  S.  Cohen*.  Israel 
Institute  for  Biological  Research,  Ness-Ziona  and  *Tel-Aviv 
University,  Sackler  School  of  Medicine,  Israel. 

,  TT'e  effect  of  McN-A-3432end  that  of  oxotremorine  on 
[  HjACh  release  and  [^Hjcholine  transport  were 
studied  in  cortical  guinea-pig  synaptososes  that  hod 
been  preloaded  with  [^H]choline  after  treatment  with 
the  irreversible  ChE  inhibitor  DFP.  Active  release  or 
uptake  is  the  diffrence  betv.een  total  release  or 
taken-up  labeled  compounds  at  37^C  and  O^C. 

HcN-A-343,  in  a  dose-dependent  manner  XlO-1000  uM) 
enhanced  the  basal  active  release  of  [^HjACh,  and 
atropine  (1  pM)  inhibited  this  process.  McN-A-343  also 
enhanced  the  K  -evoked  (50  nM)  active  release. 

tcN-A-343  at  equivalents  concentrations  exerted  on 
f^posite  effect  on  ['^Hjcholino  transport.  It 
.^pressed  efflux,  docc-depcndently,  both  in  the  basal 
and  in  t^e  stimulated  states,  and  also  depressed 
active  [^hjcholine  uptake  to  about  one  third  at  loM, 
These  latter  effects  of  McN-A-343  were  not  sensitive 
to  atropine.  The  only  effect  of  oxotremorine  (10- 
1000  pM)^ln  the  present  systcr  was  ,0  decrease  in 
the  K  -evoked  releose  of  [^l']ACh.  These 
findings  are  consistent  with  the  following  hypothesis: 
(1)  presynaptic  Ml-ACh  autoreceptors  may  functionally 
increase  the  outflow  of  ACh.  (?)  The  excitatory 
response  may  bo  relatively  more  pronounced  at  resting 
scaLO  tnon  in  the  stimulated  slate.  Tins  toiiows  fro© 
the  fact  that  the  oxotremorinc-sonsitive  inhibitory 
receptor  is  mors  responsive  in  the  deoplarlzed  state. 
(3)  The  inhibitory  receptor  is  most  probably  of  the  M2 
flu'^tye.  (4)  The  activity  of  the  choline  transporter 
Quy  be  associated  with  the  enhaced  outflow  of  ACh,  but 
in  an  opposite  rrend. 


30  Lffects  of  THA  on  acetylcholineste,''ase 
and  muscarinic  receptors  after  single  and 
repeated  injection  in  rat 

R  Alonso,  J  P.  Kan,  P.  Worms,  and  P.  Soubrie.  Sanofi 
Recherche,  Rue  du  Pr  J.  Blayac,  34082  Montpellier  Cedex, 
France. 

t.tr.tiydroOTliwacrldlB.  (THA),  apotenl  acetylcholincjterjse  (ACW)  Inhibitor, 
hAS  been  shown  to  be  ectlve  In  the  treatnent  of  Althetmer  disease  In  roderts, 
inhibition  of  AChE  Induced  a  down  regulation  of  nu$car*nic  receptors  Ve  have  thus 
characterized  the  TKA-tnduced  AChE  inhibition  tloe  course  of  ex 

vivj  AChE  Inhibition  after  an  acute  Injection  of  7KA  Acute  and  chronic  effects 
of  THA  on  muscarinic  receptors  were  also  studied. 

AChE  activity  was  detemined  by  the  method  of  Elwnn  Total  muscarinic  receptors 
andMj  receptor  subtypes  were  assayed  using  respectively  l^H)N-nethylscopoU(Bine 
(NHS)  and  [^H)plrenzeplne  (PZ)  satura'.ion  assays  Low  affinity  PZ  sites  (H^ 
*‘6ceptor  subtypes)  were  measured  uslr;  /  PZ  competition 

THA  potently  Inhibited  '■at  brair.  AChE  in  vitro  with  a  Kj  of  0.16  uH.  In 
ccmparlson.  physostigmine  (PHYS).  another  AChE  inhibitor,  was  more  potent  {K^  • 
0  014  uH) 

After  a  single  injection  of  THA  (lOmg/kg  l.p.),  AChE  activity  was  significan¬ 
tly  Inhibited  during  5  hr  with  %  oaxicun  effect  at  30  min.  In  cv  .>arlson.  at  the 
dose  of  0.4  mg/lcg  s  c  .  the  time  course  of  PHYS-Induced  AChE  Inhioltlon  was  2  hr. 

THA  displaced  (^HJPZ  binding  (10  nH)  on  hlppocawpal  (Hj  receptor  subtypes)  and 
(^M)NMS  (0.3  nM)  binding  (M^  receptor  subtypes)  on  brainstem  membranes  with  an  IC50 
of  9  and  32  uH  respect'vely. 

After  repeated  Injection  of  THA  (start'  >g  dose  Z.5  mg/kg  I  p.  with  ,  .resents 
up  to  10  ng/kg  ip  at  21  days).  AChE  activity  of  IHA-treated  rats  was  not  signi¬ 
ficantly  different  from  saline  treated-rats.  Forty  hours  after  the  end  of  the 
treatment.  Mj  owscarlnic  receptor  aubtypeawere  signlf  Icantly  lowered  In  the  cortex 
(-33  X)  and  In  the  strlati/#  (-21  X)  but  not  In  the  hippocampus  The  number  of  M^ 
receptor  subtypes  was  not  significantly  modified  In  these  regions  In  all  eases. Kd 
values  reftilned  unchanged 

In  conclusion,  THA  1$  a  potent  and  long-acting  inhibitor  of  rat  brain  AChE 
It  Is  also  more  potent  to  inhibit  brain  AChE  in  vitro  than  to  displace  (^HjPZ  or 
(^H)NMS  binding.  In  addition,  since  cortical  and  striatal  high  affinity  PZ  sites 
seem  to  be  generally  post-synapttcally  located,  our  results  suggest  that  selective 
down -regulation  of  Hj  receptors  could  be  due  to  an  over  sensitivity  of  these 
receptors  to  chronic  AChE  Inhibition  However,  it  seems  that  hlppocafapal  Mj 
receptors  could  be  differently  regulated 


31  Effects  of  parainfluenza  virus  on  agonist 
affinity  for  muscarinic  receptors  in  guinea-pig 
lung  and  heart  ^  ^ 

David  B  Jacob)'.  Allison  D  Fryer  and  Esam  E  El-Fakahany, 
Dept  of  Medicine,  and  Dept  Pharmacology  and  Toxicology, 
Univ.  of  Maryland,  Baltimore.  MD,  USA. 

By  cleaving  sialic  acid  from  cell  membranes,  neuraminidase  (NA) 
reduces  the  alfmily  ol  agonists  for  muscarinic  receptors  cl  the  M2 
but  not  ol  the  Ml  subtype  (Biochem  Biophys  Res  Commun,  1988, 
152.  673).  Because  NA  is  present  in  large  quantities  on  para- 
influenza  viius  (PV),  we  examined  the  slleci  ol  PV  on  the  afliniiy  of 
agonists  tor  muscarinic  receptors  in  the  bean  (containing  M2 
receptors)  and  lungs  (containing  multiple  recenior  subtypes),  .'he 
beans  and  lungs  ol  Ounkm  Hanley  guinea  pigs  were  homogenized  in 
50raM  NavK'  phosphale  butter  and  cenlriluged  at  1.000  x  g  for  to 
min  at  40C.  The  supornafe  was  centrifuged  at  30,000  x  g  for  30 
min  The  membrane  pellets  were  resuspended  m  buffer  (pH  6  0)  to 
give  whole  organ  weighl/volume  solutions  ol  7%  lor  the  he.jn  and 
20%  lor  the  lungs.  Membrane  solutions  were  incubjied  lor  60  mm 
al  370C  in  ihe  absence  or  presence  ol  either  NA  (50  pU/  mg 
protein).  PV  conlaming  50  pU  ol  NA/mg  prolein,  or  PV  plus  ImM 
dehydro-deoxy-N-acelylneuraminic  acid,  an  inhibilor  of  NA. 
Carbachol  (CBC)  compel'tion  agamsi  0.2nM  (3Hl-quinuclidinyl 
benzilale  ((3NB)  was  carried  oul  in  buller,  pH  ''A. 

In  Ihe  lungs.  CBC  displaced  QNB  Irom  two  sites,  (Ko  0  2  uM 
(33%)  and  13  pM  (67%);  data  analyzed  using  LIGAND).  However, 

in  4l.n  nrnnnnnn  nt  MA  n*  f../  thn  KlnW  nlf:-:,..  ..In  ...nn  In.,  nn.. 

displaced  QNB  from  one  si'e  (Ko  9.2jM).  in  Iho  hearl,  CBC  displaced 
QNB  from  Iv/o  .-4es,  (Kd  0.28  pM  (42%)  and  100  pM  (58%)) 
Incubation  wiih  either  NA  or  PV  decreased  Ihe  alliniiy  ol  CBC  lor 
both  sues  m  iha  liea.l  and  increased  Ihe  perceni  ol  high  allmily  sites 
(Ko  4  p.M  (70%)  and  14C0  pM  (30%)).  In  both  tissues  the 
prasenre  ol  NA  mhibilor  complelely  blocked  PV-mduced  changes  in 
CBC  allmily.  These  results  demonslraie  that  PV  can  decrease  Iho 
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aflinily  of  agonists  for  33%  of  muscarinio  receptors  in  the  lung,  and 
for  all  muscarinic  receplors  in  the  heart  by  the  removal  ol  sialic 
acid  from  muscarinic  receptors.  (Supported  in  part  by  NIH  grants 
1F33HL07691-01  CLN2.  NS-357<I3.  AG  07t18.  A6-00344.  and 
the  American  Lung  Association). 


32  An  endogenous  factor  induces 
heterogeniefy  of  binding  sites  for  selective 
muscarinic  receptor  antagonists  in  rat  heart 

Allison  D.  Fryer  and  Esam  E.  El-Fakahany,  Dept. 
Pharmacology  and  Toxicology,  Univ.  of  Maryland  at 
Baltimore.  MD,  USA. 

Pirenzepine  (Pz)  binds  with  low  afliniiy  to  muscarinic  receptors 
in  purified  membrane  preparations  of  rat  brain  stem,  while  in 
crude  membrane  preparations  Pz  binds  to  40%  of  the  receptor 
population  with  high  affinity  (Biochem  Biophys  Res  Commun; 

19S8. 357.  42).  Because  rat  heart  expresses  onty  one  subtype  of 
muscarinic  receptor  (according  to  molecular  biology  and  pharma¬ 
cological  crileria)  with  low  allinily  lor  Pz  and  high  affinity  for  AF- 
DX  1 16,  we  examined  whether  heterogeniely  ol  binding  could  also  be 
demonstrated  in  this  tissue.  The  hearts  of  Sprague-Oawley  rats 
were  homogenized  in  SO  mM  NaVK*  phosphate  buffer.  pH  7.4  before 
centrilugahon  at  1,000  x  g  for  10  min.  at  4<ic.  The  pellet  was 
discardeo  and  the  crude  homogenate  was  centrifuged  at  30,000  x  g 
lor  30  min.  The  membrane  pellet  was  resuspended  in  either  buffer 
or  supernaie  Final  working  solutions  were  7%  w/v  ol  whole  organ. 

Both  Pz  and  AF-DX  116  displaced  0.2  nM  |3H|-quinuclidinyl 
benzilale  (QNB)  from  one  site  m  the  pellet  plus  builer  (Ko  270 
n.M,  nH  0.95.  and  Ko  64  nM,  nH  0  92  respectively:  data  analyzed 
using  LIGANO).  However,  when  the  supernaie  was  added  to  the 
pellet,  displacement  curves  lor  both  antagonists  best  lit  2  site 
models.  For  Pz  27%  ol  the  sites  had  a  Ko  ol  4.8  nM,  while  the 
remaining  73%  had  a  Ko  of  290  nM  (nH  060),  For  AF-OX  116. 
65%  of  the  sites  had  a  Ko  ol  16  nM,  while  the  remaining  35%  had  a 
Ko  ol  460  nM  (nH  0.69).  The  Supernaie  did  not  contain  muscarinic 
receptors  as  demonstrated  by  lack  of  saturable  QNB  binding.  The 
addition  ol  supernaie  to  the  pellet  did  not  change  either  the  Bmax  or 
the  Ko  ol  QNB  lor  receplors  in  the  membrane  pellet.  Our  results 
indicate  that  an  endogenous  factor  in  the  supernaie  produces  high 
affinity  binding  of  Pz  and  low  affinity  binding  ol  AF-DX  116  to  30% 
ol  muscarinio  receptors  in  the  heart.  Thus,  whiia  cardiac 
muscarinic  receplors  are  coded  lor  by  a  single  mRNA,  the  resulting 
receptor  protein  might  behave  like  a  mixture  of  receptor  subtypes 
in  intact  tissues.  (Supported  in  pan  by  NIH  grants  1F32KL07691- 
01  CLN2.  NS-25743,  AG-07118.  AG-00344). 


33  Absence  of  a  high-affinity  binijing  site  for 
acetyichoiine  in  the  aorta  of  the 
spontaneously  hypertensive  rat 

M.  K.  Sim  and  S.  Manjoet.  Oepaitmsnt  of  Pharmacology, 
Faculty  of  Medicine,  Nationai  University  of  Singapore, 
Singapore  0511. 

Trltlabed  acetylcholine  (ACh)  bound  specifically 
to  the  isuscarinic  receptors  in  the  cc/tae  of  the 
Wistar  Kyoto  (WKY),  left  renal  artery  stenosed  WKY 
(LRAS-VfKY)  and  spontaneously  hyperteiicive  rats 
(WKY).  Both  the  endothelial  and  smooth  muscle 
receplors  in  the  WKY  were  heterogenous,  each 
having  s  high  and  low  affinity  binding  site  for 
ACh.  Similar  patterns  of  receptor  distribution 
were  also  observed  in  the  aortae  of  the  LRAS-WKY. 
However,  there  were  significant  reductions  in  the 
number  of  both  the  high  (over  SOZ)  and  low  (over 
30  Z)  affinity  binding  sties  in  the  endothelium 
of  the  LRAS-WKY.  The  endothelium  of  '.he 
spontaneously  hypertensive  rat  (SHR)  showed  e 
c-  jplOLc  absence  of  the  high  aifinity  binding 
3...te  and  a  marked  reduction  (over  70  Z)  of  the  low 
affinity  binding  site.  On  the  other  hand  the 
receptors  in  the  smooch  muscle  were,  with  respect 
to  their  binding  constants  (Kd)  and  numbers 
(Bmax),  similar  to  those  of  the  LR.AS-WKY  and  WKY. 


The  results  obtained  with  the  LRAS-WKY  support  our 
earlier  observation  that  the  aortao  of  these  rats 
were  hyporesponsive  to  the  relaxant  action  of  ACh 
(1).  However,  similar  conclusion  cannot  be  drawn 
for  the  SHR  as  we  and  other  investigators  have 
shown  that  the  aortae  of  the  SHR  were  not 
hyporesponsive  to  pharmacological  doses  of  ACh. 

1.  Japan.  J.  Pharmacology.  39,  551-553,  1985. 


34  Affinity  of  muscarinic  antagonists  for 
porcine  coronary  muscarinic  receptors 

M.  Entzeroth',  H.  Doods^  and  N.  Mayer’.  Department  of 
Biochemistry’  and  Pharmacology^,  Dr  Karl  Thomae  GmbH, 
D-7950  Bioerach,  FRG. 

*1116  existence  of  muscarinic  receptors  in  coronary 
arteries  and  their  involvement  in  muscle  contraction  is 
well  estaolished  (Kalsner,  J.  Physiol.  3S8,  509  (1985)). 
While  binding  studies  reveal  the  coexistence  of  binding 
cites  of  the  M2(heart)-  and  the  M3(subrBandibular 
gldnd)-subtvpe  (v.  Charldorp  et  al./  Naunyn-Schmiede- 
berg*3  Arch.  Pharmacol.  22i<Suppl.),  328  (1989))  little 
is  known  about  the  functional  subtype.  Aim  of  this  study 
is  to  compare  pK^'^values  obtained  in  binding  studies 
using  the  muscarinic  antagonists  atcopine^  pirenzepine, 
AP-DX  116,  4-DAMP,  hexahydrosiladifenidol  (HHSiD)  and 


methoctramine  with 

pA2-values  of 

antagonism 

rcetecholine  induced  contraction  (table) . 

pKj 

oH 

Pft2 

atropine 

9.23 

0.93 

9.06 

pirenzepine 

6.87 

0.86 

6.98 

AP-DX  116 

6.38 

0.75* 

6.13 

4-DAMP 

8.79 

0.89 

9.20 

HHSiD 

7.83 

0.83 

7.94 

sethoc.ramine 

6.67 

0.74* 

5.79 

*signif icantly  different  from  unity 

binds  to  coronary  artery  preparations  wxth  a 
Kj)  of  135  pM  and  a  57  fool/og  protein. 

Dinding  curves  of  AP-DX  11$  and  mcthoctramino  are 
shallow  with  »ll)-cooff icients  significantly  different 
trom  unity.  The  binding  data  are  in  good  agreement  with 
those  obtained  in  foncticnal  studies.  A  mixed 
population  of  M2  and  M3  muscarinic  receptor 
subtypes  is  present  in  porcine  coronary  arteries. 
However  functional  experiments  do  not  support  the 
contribution  of  the  M2-subtypc  to  the  contractile 
response. 


35  Interaction  of _p-fluorohexahydrosila(d- 
ifenidol  (pFHHSiD)  at  muscarinic  receptor 
subtypes  in  vitro 

R.  L.  Whiling,  R.  M.  Eglen,  W.  W,  Montgomeiy  and 
C.  A.  Machado.  Instilute  of  Pharmacology,  Syntax 
Research,  CA  94304,  USA. 


pFHHSID  acts  as  a  selective  Hi  antagonist 
(Lambrccht  ct  al.  1988;  Hs  pAj  .1  7.8,  Hi  pAj 
-  6.9,  H?  pAu  »  6.0).  He'’havi  assessed  tne‘ 
affinity  of  JfFHHSID  at  a  range  of  muscarinic 
receptors  In  Isolated  tissues.  The  methods  used  for 
each  Isolated  preparation  have  been  described 
previously  ^Eglen  et  al.  1988;  O'Rourke  and  Van 


The  mean  f  S.E.K.  pAo  values  and  Schlld  slopes  are 
shown  below: 


Preparation  Subtype  pAg  Slope 


G.P.  netiRi 

7  AA 

4.  n  na 

1  n 

6.P.  Lett  Atria 

fH?) 

6.14 

f  0.08 

1.7 

G.P.  Trachea 

7.10 

+  0.03 

0.9 

0.  Saphenous  Vein 

R.  Aorta 

Rb  Jugular  Vein 

7.08 

+  0.06 
m 

1.1 

G.P. -guinea-pig;  0-dog;  R-rat;  Rb-rabbit. 


i 
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The  pA?  values  obtained  at  the  three  subtvpes  were 
sImllaS'  to  values  previously  reported  (Larabrecht  et 
al.  1988).  The  slrallarny  in  values  at  receptors 
mediating  relaxations  of  the  vascular  tissue  Indicate 
that  Hg  receotors  also  mediate  these  responses. 

The  reason  for  the  anomolous  value  1n  the  trachea  Is 
presently  unclear  but  we  do  not  conclude  that  It 
represents  the  presence  of  Ki  receptors  <see  also 
Eglen  st  al.  1988). 


lS3l"l038**’  *’*'®™**--- 

Limbrecht,  G  et  al.,  (1988)  Eur.  3.  Pharmac.,  152, 
193-194. 

O'Rourke,  S.T.  and  Vanhoutte,  P.M.  (1987)  3.  Pharai. 
exp.  Ther.  214,  h4-67. 


36  Characterization  of  muscarinic  receptors 
mediating  responses  in  canine  femoral  vein 
and  artery  in  vitro 

R.  M.  Eglan,  W.  W.  Montgomery  and  C.  A.  Machado, 
Institute  of  Pharmacology,  Syntax  Research,  CA  04304, 
USA. 


Relaxations  of  the  rat  aorta  are  mediated  by  Hg 
receptors  (Eglen  et  al..  1988),  whilst  contractions 
of  the  canine  saphenous  vein  arc  mediated  by  Hi 
receptors  (O'Rourke  and  Vanhoutte,  1987).  fie  nave 
determined  the  muscarinic  receptor  subtype  in  the 
femoral  artery  and  vein  mediating  relaxations  and 
contractions  respectively. 


Relaxant  responses  were  determined  in  rings  (2  mi)  of 
artery  precontracted  with  either  phenylephrine 
(0.1  vH-pirenzepine,  paraf luorohexahyorosiladifen- 
idol;  pFHHSiO)  or  U466I9  (10  nH-methoctraralne). 
Contractile  responses  only  were  determined  In  the 
vein.  Carbachol  was  used  as  the  agonist. 


Femoral  Vein 
pAp  slope 

Plrenzepine 

7.86  (0.19)  0.98  (0.11) 
pFHHSiO 

7.11  (0.17)  1.08  (0.07) 
Hethoctramine 


fe.TX)ral  Artery 
pAp  slope 

6.26  (O.il)  1.07  (0.10) 


7.90  (0.30)  0.75  ‘(O.!!) 


6.07  (0  17)  1.17  (0.15)  6.05  (0.09)  1.01  (0.07) 


*S1gni Miantly  (p<0.05)  different  to  unity.  Values 
are  mean  (SEn) . 

The  data  were  consistent  with  the  presc.'ice  of  Hj  and 
Hg  receptirs  mediating  responses  of  the  femoral  vein 
and  femor.tl  artery  respectively.  The  femoral  vein, 
like  the  sa.nhenous  vein,  represents  a  novel  tissue  in 
which  to  blOdssay  Hi  receptor  function. 

Eglen  et  al..  (1588)  8r.  3.  Pharmac.  95.  1031-1038. 

O'Rourke.  S.T.  and  Vanhoutte,  P.M.  (1987)  3.  Pharm. 
exp.  Ther.  241,  64-67. 


wa.s  characterized  by  Hi>l  coefficiems  less  than  one,  suggesttng  that 
multiple  states  or  forms  of  the  muscarinic  receptor  govern  the 
response.  Specific  binding  of  (JHJNMS  revealed  a  single  class  of 
sties  of  comparable  capacity  in  each  suain  (120  -  200  pmol/g  of 
protein).  Guanylyl-imidodiphosphate  (G'MP-PNP,  0 !  mM)  had  no 
effect  on  Kd  (TO,  520  +  10  pM;  RB,  700  ±  20  pM).  Compciihon 
studies  between  carbachol  and  1  nM  (JHJNMS  revealed  three 
classes  of  sites  for  the  agonist  (Kn,  Km,  Kl);  upon  the  addition  of 
G.MP-PNP,  there  was  a  redistribution  of  receptors  among  the 
various  classes,  with  an  apparent  increase  in  the  value  of  Km. 
Estimates  of  Kn,  Km  (±  GMP-PNP)  and  Kl  were  indistinguishable 
between  the  two  strains;  in  contrast,  the  apparent  redismbuiion  of 
sites  upon  the  addition  of  GMP-PNP  was  pr^oniinantly  to  the  state 
of  low  affinity  m  RB  tissue  but  to  the  state'  of  medium  affinity  in  TO 
tissue.  Cardiomyopathy  thus  appears  to  reduce  the  nucleotide- 
promoted  conversion  to  the  state  of  lowest  affinity;  the  implied 
change  in  the  interaction  between  the  receptor  (R)  and  the  inhibitory 
guanylyl  nucleotide-binding  protein  (G)  may  underlie  the  reduced 
response.  Mathematical  simulations  bas-xl  upon  an  agonist-  and 
nucleotide-regulated  equilibrium  between  R  and  G  (i  e.,  R  +  G=RG) 
suggest  'hat  any  change  in  th*  propensity  of  RG  to  dissociate  would 
be  reflected  in  the  dose-depeiuence  of  binding  observed  not  only  for 
earbachol  but  also  for  GMl-PNP.  Contrary  to  this  expectation,  the 
disease  was  without  effect  on  the  potency  of  GMP-PNP  in  reversing 
tile  inhibition  of  [JHJNMS  binding  by  10  pM  caibachoi.  It  follows 
that  the  allosteric  interaction  between  agonist  and  nucleotide  may 
not  involve  dissociation  of  the  RG  complex  or  a  subunit  thereof. 
(Supported  by  the  Medical  Research  Council  of  Canada  and  the 
Heart  and  Stroke  Foundation  of  Ontario) 


38  High  affinity  pirenzepine  receptors  in 
chicken  atria  are  (different  from  Mg  type 

H,  Tieiz’'  R.  Lindmar^,  K.  Loffslholz^,  C.  Strohmann^, 

R.  Tacked.  G  LambrechH  and  E.  Mutschler '.  'Dept  of 
Pbartnacology,  Univ.  of  D-6000  Frankfurt.  ^Dept.  of 
Ptiarrnaooiogy,  Univ,  cl  D-6500  Mainz,  dDept  of  Inorganic 
Cheniistry,  Univ.  ol  D-7500  Karlsruhe,  FRG. 

Postjunctional  nuscarinic  receptors  sediatin?  negative 
inotropic  effects  in  chicKon  atria  have  been  classified 
as  being  of  the  Kl-type  on  the  basis  of  a  high 
pircnsepinp  affinity  (Ject  et  al.,  Br.J.Pharaacol. 

1988).  Ip.  this  study  the  affinities  {p\j-values) 
of  a  senes  ot  sel&ctjve  antagonists  vere  detcrnined  in 


the  chicken  atria  using  APE  as 

agonist  and  cospared 

with 

those  obtained 

in  raobit  vas 

deferens  (HI), 

guinea 

pig 

atria  (N2)  and 

ilcun  (K3>. 

Chicken  atria 

Ml 

K2 

•:3 

Pirenzepine 

7.7 

8.2 

6.8 

6.9 

AF-DX  116 

6.9 

6.8 

7.4 

6.5 

HHSiD* 

7.0 

7.9 

6.5 

7.9 

4-DxllP 

7.9 

9.1 

8.4 

9.3 

(S)-THV  lleJJ 

7.0 

7.8 

7.1 

7.1 

(R>-THP  KaJ 

8.5 

10.6 

9.0 

?.2 

•HeXs-vdydro-sila-difenidcl.  ^Trihexyphenidyl  aethicdidc. 


-■4-1 

i 


37  Muscarinic  abnormalities  in  hamster 
cardiomyopathy 

P.  Chidiac,  A.  Nagy,  R.  U.  K.  Fung,  M.  J.  Sole  and 

J.  V3.  Wells.  Departmenls  of  Pharmacology  and  Medicine, 

Faculty  of  Medicine  and  Faculty  ol  Pharmacy,  University  of 


•WIW/IIW,  V/C17iaw>a> 


Maximum  ;nb»biiiop  by  carbachol  of  ihe  steady-state,  GTP- 
stimulated  production  of  cyclic  («F]AMP  in  washed  left  vcnmgnlar 
membranes  whs  50%  in  random*b:ed  (RB)  Syrian  hamsters  and 
28%  in  cardiomyopathic  (TO)  hamsters.  The  inhibition  was  blocked 
fully  by  the  muscarinic  antagonist  N-mcihylscopoIamine  (NMS)  and 


AU  coapounds  tested  proved  to  ba  cospetitive 
antagonists.  The  orders  of  antiBuscarinic  potencies 
were  different  aoong  the  four  preparations.  Thus,  the 
postjunctional  suscarinic  receptors  in  chicken  atria  not 
only  differed  froa  and  M3,  but  clearlv  orovad  to  be 
unlike  Ml  inspite  of  a  h*gh  affinity  of  pirenzepine.  This 
conclusion  was  supported  by  the  finding  that  the  Ml- 
selective  drugs  HcM-A*3d3  and  4-Cj“HcS-A-343  were  only 
poor  partial  agonists  in  chicken  etna.  These  results 
svggcsl  that  a  high  affinity  of  pirensepine  is  not 
sufficient  to  identify  the  Ml-subtype  unequivocally. 

Supported  by  Deutsche  rorschungsge&einschaft. 
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39  Presynaptic  autoreceptors  in  chicken 
heart  exhibit  M-,  characteristics 

R.  Lindmar,  K.  Ldtfelholz',  G  Lambresht  and  t.  Mutschler^. 
’Dspt  of  Pharmacol ,  University  of  D-6500  Mainz,  and  ^Dept 
of  Pharmacol.,  University  of  D-6000  Frankfurt.  FRG. 

In  0  previous  study  on  perfused  chicken  hearts 
pironzepine  (Pz)  at  low  concentrations  (EC50  about  30  nH) 
enhanced  the  vasally  induced  release  of  acntylcholine 
(ACh) ,  0  result  that  was  taken  as  evidence  for  the 

existence  of  ptesynaptic  Hl^recuptors  (Jeck  et  al.,Br.J. 
Pharaacol,  357,  1988).  A  sinilar  conclusion  was  drawn 
froM  studies  on  cardiac  pacenaker  cells  in  nan  (Pitschnet 
and  Wellsreift,  haunyc*Sch»redebere‘s  Arch  Pharsiacoi  338 : 
207,  1988).“  The  present  study  further  analyses  the 

presynaptic  hi2h  affinity  Pz  receptor  in  the  chicken 
heart  by  aeasurin^  the  enhancing  effect  of  5  antagonists 
on  3H-ACh“reloase  evoked  by  field  stiaulation  (S  Hz, 

1  win;  St/Si). 

Antagonist (Ant)  -log  £C60  ECbOAit/ECSOAt 


Atropine 

8  23 

1.00 

A-DAMP 

8.36 

1.A7 

S;l8“hexocycli'tB 

7.7A 

3.08 

Pironzepine 

/.33 

7.93 

HBSiD 

7.22 

10.22 

AF  DX  116 

6.99 

59.91 

};  was  found  !:hat  the  autoro^eptor  cf  tho  chicken  heart 
exhibits,  indeed,  a  high  affi.eiry  for  Pz  as  tndieated  by 
the  high  “log  ECSO  and  tne  low  potency  ratio 
^Pz/arropine*.  In  addition,  the  results  obtained  by  the 
other  antagonists  are  compatible  with  the  characteti.etics 
of  the  H1-rccop(or  as  found  in  sanfials. 

Supported  by  the  Deutsche  Forschungsgeweinscha/t. 


41  Pharmacological  and  biochemical 
characterization  of  muscarinic  receotors  in 
human  ainAiay  smooth  muscle 
J.  Zaagsma.  H.  Meurs,  A.  Timmermans*,  C.  R  S.  Elzinga 
and  A  F.  Roffel.  Departmenl  of  Pharmacology  and 
Therapeutics,  University  of  Groningen;  'Department  of 
Allergology,  University  Hospital;  NL-9713  AW  Groningen, 

The  Nethe.iands. 

“(jta*)  iUHiv  tcfte  is  latnly  controlled  Oy  the  parasyioathetic 

rervc'js  svstei.  IherelO'C,  an  increase  in  tne  tuscarmic  cholinergic  responsive¬ 
ness  9i  the  aireivs  has  been  suggested  to  olay  a  role  in  the  pathogenesis  ol 
bronchial  asthta.  tvoreovert  auscannic  antagonists  lanticholinergics)  do  have  an 
u^ortant  place  in  the  treataent  ol  chronic  instructive  lung  disease,  especially 
(hrcAtc  cronchitis  am  eaphyseia.  Ihe  present  study  uas  undertaken  to  charic- 
terwe  the  pharaacological  subtype  ol  auscannic  rKeptors  aediating  saooth 
agscle  cofttracticn  in  huaan  central  and  peripheral  airNays  and  to  investigate 
hydrolysis  oi  phosphoinosi tides  as  a  poss.ble  transduction  aechanisa  in  auscari- 
(iu  reccptor-aediatid  huajn  pe'ipheral  ainrav  saooth  auscle  contraction.  Using 
saooth  auscle  strips  'roa  huaan  tracheae  obtained  U  autopsy  and  saall  bronchial 
rings  lt-1  Of  diaaeteri  froa  bvian  lung  tissue  obtained  at  surgery,  it  aas  found 
that  aethacholtne-induced  rnAtraction  aas  blxked  by  auscannic  antagonists  (AF- 
Cl  118,  4*tiAK?  aethobrcaide.  otrentepinel  vith  pA^-values  characteristic  of 
gia4d-jlaf/«  Mn  viscle  typ*  auscannic  receptors.  In  addition,  ipratropiua 
broaide  sneaed  ’gh  affinity  (pA2*'?.2Sl  and  a  slope  of  the  Schild  plot  close  to 
uAitv.  'using  saall  bronchial  saooth  auscle  particles,  it  aas  established  that 
Aethaihohne  cajsed  a  tiae-  and  concentration-dependent  accuaolaticn  of  inositol 
phosphates  Mich  vas  proportional  to  the  aaount  of  tissue  protein  and  ibich  could 
be  ol>:aed  ceepletely  by  1  ph  atropine.  Ihe  loner  pD2**value  for  inositol  phos- 
prates  o'odB'.ticft  coap.-ed  to  contraction  15.0  vs.  5.9)  indicates  an  laportant 
aacunt  of  receptor  reserve,  as  has  been  found  (to  an  even  higher  degree)  in 
oo*iae  I'achtal  saootn  auscle  ilfeors  et  al..  ’9S8).  In  conclusion,  the  asscann.c 
receptors  aediating  h>;aa&  central  and  ^eripaeral  airaay  saooth  auscle  contraction 
have  been  charactented  for  the  first  tiae  to  be  of  the  glandular/sioolh  auscle 
tvpe  as  in  bovine  aeo  svmea  pig  tracheal  saooth  auscle.  Ihis  studv  is  also  the 
first  deaonstration  that  the  haaan  air«iy  saooth  auscle  receptors  are  coupled  to 
pbosphoimitide  aetaoolisa,  vhich  opeos  a  r.e«  possibility  to  investigate  tne 
b:ocheaic<)  basis  of  crohnergsc  hyperresoonsiveness  in  oronchiai  asthia. 
Sufporred  by  the  Netherlands  Asthaa  Poundaiien. 


;  40  MuGcarinic  binding  sites  in  chicken  heart 

;  and  rabbit  peripherai  rung 

I  S.  Lazareno  and  F.  F.  Roberts.  Department  cf 
i  Neuropharmaco.'ogy,  Glaxo  Group  Research  Ltd..  Ware, 

j'  Herts.,  SG120DP.  UK. 

5  HuscorinSo  binding  sttcs  in  p«rip.*5er*?  tissues  are  ge.ncrally 

t  classified  as  K2  or  H3.  Se  with  Uw  affi.iity  for  pirenzepvne.  cut 

'  pirenzepine  has  rviatively  higher  affinity  for  Bxscarsa*t  binding 

c  stt/*S  in  chick  haa.-l  and  rabbit  peripnera)  lung  (Broiwi  et  al.,  'S©! 

I  Pharsacol..  27.  525.  1995;  Blosw  el  *1..  3P£r,  240.  5?.  »337)  We 

I  have  characterised  the  lawscarinic  binding  \ite$  in  »h«$e  tissues 

'  and  coe^ared  theoi  binding  sites  in  rat  tissues  thcvght  to 

repretMt  Ml.  K2  and  K3  receptors. 

Ml  sites  weri  labelled  with  0  SnM  ^H-piren/epme  in  r*l  cortex 
All  other  sites  wa'^e  labelled  w-.th  -  K2  sites  i*.  rat  heart 

ord  K3  sites  in  rat  sub«ia‘idibu1ar  gland.  After  2h  irovtation  at 
22*C  in  20iriM  kEP£S  ♦  iCOrM  NaCl.  the  assay  was  lerrinated  with 
rapid  fillvamon  ICs^)  values  obtained  with  ♦H-HMS  we^e  ccoverUd 
to  Ki  valets  using  she  eouation  m  • 


-isg  Kf  0.'  “leg  Kd  at  various  exiscann.v  binding  sites 


I 

' 

'  ■ 

chicken 

raltit 

HI 

K2 

iC 

heart 

lung 

' 

’h..n« 

. 

9  6 

9  9 

9.7 

10.2 

,'*i  renz«pin« 

8.0 

6.3 

7  i 

7.6 

7  •; 

Hinbacifte 

7.0 

8.4 

7.1 

6.2 

8.2 

Methoclratiine 

7.3 

8.4 

6.6 

7  9 

7.7 

4-UAlt? 

8.9 

S.3 

9.3 

8.3 

e.i 

KSO 

7.y 

7.0 

8.3 

7.6 

7.9 

Seceverine 

8.8 

8.8 

8.2 

9.5 

9.3 

Kean  pKi,  n;w3,  SEM  csO-f 


The  pAi  values  shown  in  the  table  indicate  tUt  the  sites  in  Oi  end 
Kl  have  a  sicilar  pharmacological  profile.  Pirenzepine  nas  a 
relatively  high  affinity  at  these  sites,  but  so  do  hiotbaeine  and 
«ethMtr»ine  TMs  phatucologlcal  profile  is  different  fron  that 
of  HI.  K2  or  H3  reeeptars.  Sccoverine  *-*  slightly  core  potent  at 
Ol  and  Rl  thm  »l  Ml.  K2  cr  H3.  Although  t*:e  sues  in  CH  ar.d  91 
appear  similar  both  4-oA,'*P  and  have  lower  affinHics  for  CH 

than  fll. 


‘h«'S  et  al.,  £u'.  i,  fharMcoi.  1585  271  (1988)». 


42  Differential  labeling  of  presynaptic  gnd 

Sunctional  muscarinic  receptors  by  ^H-N- 
ylscopolamine  (NMS)  in  cog  ileum 

P.  Kostka,  S.  Ahmad,  L,  P.  »Niies,  C.  Y.  Kwan  and  E.- 
0.  Daniel.  Dept  ot  Biomedical  Sciences,  McMaster  Univ., 
Hamilton,  Ontario,  Canada. 

Ti.c  characteristics  of  atropine-ser.sitivc  binding  of  MMS 
have  oecn  investigated  in  pteparations  of  isolated  axonal 
varicosities  frwi  cyenteric  (HP),  deep  muscular  (DHP)  and 
sobsucosel  (SKr)  plexuses,  and  in  purified  smooth  auscle 
plasma  ae&brancs  froo  longitudinal  (LM)  and  circular  (CK) 
xuscles  of  dog  ileir.i.  The  content  of  ncurcntl  and  saooth 
anscle  plasma  ^csbrancs  in  eenbranc  fractions  has  been 
evaluated  by  activities  of  ‘*H“£axitoxin  binding  and  5*- 
Wtpjse,  as  reported  previously.  In  each  ccsbrane  pie- 
parstior.  h'KS  labiled  apparently  hosogenous  populations 
ol  Doo-Anteracting  oinding  sites,  as  docunented  by  the 
linearity  of  Scatchard  plots  and  by  HiH  coefficients  not 
significantly  different  froa  Hovv/er,  the  affinities 
of  K)J.'  for  pre':ynaptic  (varicose)  receptors  were 
significantly  different  'son  the  affx.nxlies  for  pest- 
jiuncticnal  (saocth  nusclei  receptors.  In  particular  the 
Xu  values  for  presyncptic  receptors  were  2-4  nK  wit). 
vaju«.<,  in  ftol/ag,  I'u3t32  (KP),  195.*44  (DHP),  and  612*78 

fewfr.  f\  »  ...I...  ....... 

- -  -  .  .  ..V  »«.  ,v»i 

receptors  ir.  boil.  LK  and  CK  w^s  26  nH  with  &•«>  values 
29gitl81  (lA)  asd  2088127C  i^H) .  Carbachol  and  exotre- 
jiorine  at  conceotratiors  required  for  near-saxieal  dis¬ 
placement  of  KMS  b'ooirtg  caused  approxicatcly  25%  inhi¬ 
bition  of  forskolln-stlsulated  adenylate  cyclase  activity 
in  aircnal  varicosities  cf  .MP.  It  is  concluded  that  a/ 
presynaptic  and  postiunctiossl  ouscarinic  receptors  in 
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dog  ileuR  can  be  distinguished  under  conditions  of  in 
vitro  labeling  by  their  affinities  for  HHS  b/  the  bus- 
carinic  receptor-aediated  presynaptic  inhibition  of 
neurotransBitter  release  in  HP  uay  involve  the  suppresion 
of  cAKP-dependent  pathway's). 

{Supported  by  the  Medical  Research  Council  of  Canada). 


43  Onset  and  offset  rate  of  M. -receptor 
blockade  by  telenzepine  in  the  rabbit 
isolated  vas  deferens 

M.  Eltze.  Byk  Gulden  Pharmaceuticals,  7750  Konstanz, 

FRG. 

Muscarinic  M  -receptor  selective  antagonists  like  telen- 
repJce  exert  their  inhib-.ory  action  on  gastric  acid 
secretion  by  blockade  of  M.-receptors  located  in  the 
«*agal  pathway  to  the  parietal  cells.  In  the  rabbit 
isolated  vas  deferens/  stimulation  of  M^-receptors  by 
MlM-A-343  inhibits  electrically  induced  twitch  contrac¬ 
tions  susceptible  to  ooag>etitive  blockade  by  antimusca- 
rinics  (pA^  values) .  This  model  was  used  to  study  the 
kinetic  parameters  of  antimuscarinics  on  this  receptor 
aub^ype.  Inhibition  of  twitch  contractions  induced  by 
10  M  mcM-A-343  <EC^q)  was  reversed  by  antimuscarinics 
{at  concentrations  lO-told  higner  than  pA  ) ;  the  antago¬ 
nist  was  then  rjUsplaced  by  3x10*"^  M  McM-A-343  <30-fold 
.  The^foliowing  >2  onset  and  affset 

rates  at  31  C.  were  observed: 


Dzug 

VK 

(nvin) , 
Offset 

at  -log  M 

Telenzepine 

8.C« 

24. S 

162.0 

7.86 

Pisenzepine 

7.79 

3.0 

13.0 

6.79 

Huwer.zspine 

7.74 

a.** 

2.7 

6.74 

0TK'1O8$ 

8.44 

14.0 

5.3 

7.4< 

Atropine 

9.46 

13.5 

4.2 

8.46 

Oieycloexine 

7.70 

9.0 

1.5 

6.70 

Telenxepine  exhibited  the  slowest  rate  of  onset  and  off¬ 
set  among  the  muscarinic,  receptor  antagonists  tested. 
For  telentepxne  and  pirenxepine  onset  was  faster  than 
offset  sate;  the  converse  was  true  for  the  other 
antagonists.  Thus,  she  kinetics  of  telenzepine  observed 
in  vitro  can  partially  explain  its  long  duration  of 
action  in  vivo.  Ganglionic  M^-receptors  which  bind  tele¬ 
nzepine  will  not  respond  sapioly  to  high  concentrations 
of  neuconally  released  acetylcholine;  the  receptor  is 
thus  protected  from  vagal  overstimulation. 


44  Mi-Potencies  of  muscarinic  agonists  in 
rabbit  isolated  vas  deferens 

B.  Jokisch-Mehrling^  R.  Feifsl'-2,  M.  Eilze^,  J.  F.  Rodrigues 
de  Miranda®,  G.  Lambrecht'  and  E.  Mutschlar’ .  ’Dept 
Pharmacol,,  Univ.  of  0-60CO  FranWurt,  FRG.,  ®Dep! 
P.’iarmacol.,  Univ.  of  Nijmegen,  6500  HB  Nijmegen,  The 
Netherlands,  30ept  Phamiaco!..-  Byk  Gulden 
Pharmaceuticals,  D-7750  Konstanz,  FRG. 

The  irabbit  vas  deferens  {Rvp)  has  projanctior.al 
Inhibitory  Ml-  and  post jur.ct.’onai  fooilitatory 
M2-reoeptcrs .  In  this  study,  Ml-potencios  of 
muscarinic  agonists  were  determined  in  isolated 
preparations  of  aVD  close  to  the  prostate.  The 
inhibxtory  effects  obtained  were  arrCagonizeo  oy 
plre.nzepine  {20  -  50  nM).  The  results  wore  com¬ 
pared  with  those  obtained  at  M2-receptors  in 
epididymal  segments  of  RVD  and  at  Ml-receptors 
in  guinea-pig  ileum  (GPI ) .  The  ran.k  order  of 
Ml-potoncy  was  different  from  that  found  at  H2- 
and  K3-receptors . 


-log  EC  SO 


Compound 

RVD-Ml 

RVD-M2“ 

GPI-M3 

Arecoline 

6.6 

6.9 

6.4 

Carbachol 

6.7 

7.3 

7.0 

4-C1-MCN-A-343 

6.7 

5.5*> 

5.4 

McN-A-343 

6.0 

4.8»>*<= 

5.0° 

Muscarine 

7.1 

7.7 

6.6 

Oxotremorine 

7.7 

7.8 

7.6 

a.Bl<ss0.  BOP  151.  205  (1900)1  b .  M3 CoO«: » 
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( ) -NMS/pirenzepine  competition  experiments 
showed  that  56%  and  74%  of  the  total  muscarinic 
receptor  population  are  of  the  Ml-type  in  epi- 
didynal  and  prostatic  ends  of  RVD,  respective¬ 
ly.  In  conclusion,  the  prostatic  end  of  RVD  is 
a  simple  functional  model  to  determine  apparent 
Ml-potencies  of  muscarinic  agonists. 


45  Functional  determination  of  McN-A-343 
affinity  for  M,  mAChRs 

R  Micheletti,  O.  Angelici,  L  Giudici  and  A  Schiavone  Dept 
of  Pharmacology.  Istituto  Ds  Angeli,  Via  Seno  15, 20139 
Milan,  Italy. 

Recent  evidence  showed  tnat  MoN-A-343  elicits 
relaxation  of  Isolated  rat  duodenum  and  inhibi¬ 
tion  of  twitch  contractions  in  Isoleted  rabbit 
vas  deferens  by  selectively  stimulating  Mi  mAChRs 
{Micheletti  et  al..  1988,  BlUe.  1988),  Aim  of 
the  present  study  was  to  investigate  whether  af¬ 
finity  or  intrinsic  efficacy  were  responsible  for 
the  observed  selectivity  of  McN-A-343.  Affinity 
was  determined  by  fractional  inactivation  of 
receptors  performed  with  the  irreversible 
muscarinic  antagonist  propyibenzylchollnc  mustard 
(PrBCH).  After  constructing  control  concentra¬ 
tion-response  curves,  duodenal  preparations  were 
exposed  to  1  uM  PrBCM  for  30  min.  The  tissue  was 
washed  for  60  rain  before  repeating  agonist  stimu¬ 
lation.  Vasa  doferentia  were  exposed  to  30  nH 
PrBCM  for  20  min.  From  a  reciprocal  plot  of  ago¬ 
nist  eguiactlve  concentrations  tne  value  of  pKa 
was  estimated.  MoH-A-343  relaxed  rat  duodenum 
with  a  potency  (-log  BCso)  of  6.31  ±  0.08  and 

affinity  (pKa)  of  4.68  ±  0.10  (n=6).  In  the  same 
preparation,  McH-A-343  antagonized  ACh-induoed 
contraction  with  o  pKb  of  4.97  i  C.14  (n=13).  In 
the  vas  deferens,  the  estimatod  ECso  and  pK* 
values  were-  5.87  ±  0.09  and  .5.17  i  0.15  (n=8), 
respectively.  Thus,  affinity  of  HcN-A-343  for  the 
functional  Mi  receptors  at  which  It  acts  as 
agonist  is  in  the  range  of  its  affinities  as 
antagonist.  Further.more,  ECso  values  lower  than 
K..  indicate  a  substantial  receptor  reserve.  The 
latt.-.r  or  a  more  efficient  coupling  of  Ml  recep¬ 
tor  to  transduction  mechanisms  seem.s  therefore  to 
underlie  McN-A-343  selectivity. 

R  Mlcheietti  et  al.,  J.P.E.T..  1S08,  2M.,  680. 

M.  Eltse,  Eur.  J  Pharmacol.,  1988,  15i,  205. 


46  Characterization  of  muscarinic  receptors 
in  rat  kWney 

J.  F.  Rodrigues  de  Mirar.da.  H.  L.  M.  Siero,  Y.  J.  8.  van 
Megen  and  C.  A.  M.  van  G’.nneken  Inswute  o1 
Pharmacology,  U.iivsrsity  of  N^megen  PO  Box  9101,  6500 
HB  Nijmegen,  The  Nelherlands. 

m'...,uei  1  niv.  itnepwi..  ■vit-r'y  t-  r—  b— 

involved  in  diure.'ris.  The  presence  of  these  receptors  iii 
rat  Kidney  has  been  reported  by  radioligand  bnxiing  only 
recc.'itly.  However,  no  detailed  characterization  has  been 
taken  place.  In  this  study  we  labeled  the  auscarinic 
receptors  in  rat  kidney  cortex  homogenate  by  ’H  -l-OfiB  at 
37*C.  The  dissociation  constant,  R,„  =  0.058  +  O.OOS  nM 
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and  the  receptor  density,  IW,-,  =  1-^5  ♦  0.07  pmol/g 
tissue  (.'seaii  +  SE,  n  -  7).  ’H-NHS  binding  showed  a 
similar  Binding  was  reversible  and  the  dissociation 
constant  calculated  from  the  ratio  of  the  rate  constants 
amounted  to  0.019  iiiM.  JH-  1-OiiB  binding  was  inhibited  by 
the  enantiomers  of  benzetimide  with  a  stereoselectivity 
ratio  of  8,000.  The  inhibition  of  ^ll-l-ONB  binding  was 
investigated  with  the  subtype  selective  antagonists 
o-renzepine  (K,  ^  226  t  24  n.M>,  AF-DX  116  (K,  =  1451  t  72 
nMl ,  metlioctramine  (K,  =  1669  t  33  riM)  and  liexa-hydrosiia 
dilenidol  IK,  =  40.4  *  1.8  nHl  characterizing  the 

muscarinic  receptor  in  the  rat  kidney  as  a  M3  type. 
Inhibition  of  ’ll  l-OfiB  binding  by  the  ago,gists 

methylfurtrethor  um,  arecoline,  isoarecoline  and  arecai- 
aine  propargyl  ester,  displayed  monophasic  inliibition 
curves.  With  cis-2-methyl-4-dimethylaminoethyl-l,3- 
dioxolaiie  methiodide  in  two  out  of  four  experiments,  a 
stiial!  (ilf)  population  of  high  affinity  agonist  sites 
could  be  detected  Includi.ng  inhibitors  of  proteolysis 
did  not  affe.t  the  agonist  inhibition.  The  potassiu.m 
sparin  liurctic  aniloride  inhibited  ’H-l-OSB  binding  in 
a  coi»p,.titive  way  iX;  =  36  ♦  5  uM!.  Inhibition  appeared 
to  be  dependent  on  NaCl  concentration.  Autoradiograpiiic 
analysis  of  the  binding  revealed  the  presence  of  specific 
-’’ll-l-tfi’D  labeling  in  glomeruli.  No  specific  labeling 
could  be  observed  in  tubuli. 


47  Histamine-liberating  cells  in  the  mouse 
isolated  stomach  may  Bear  muscarinic  M,- 
receptors 

W.  Kromer,  £.  Baron.  R.  Boer  and  M.  Eitze.  Byk  Gulden 
Pharmaceuticals.  7760  Konstanz,  FRG. 

Acid  ddcretion  induced  in  the  mouse  stomach 
in  vitro  by  the  supposed  M.-seiective  muscari¬ 
nic  agonist  HcN-A-343  is  inhibited  by  antimus- 
carinics  and  K^^receptor  antagonists,  and  is 
prevented  by  prior  histamine  depletion  by  comp¬ 
ound  48/60.  ?TX  has  no  influence.  This  suggests 
.muscdrine  receptors  to  be  .located  on  histamine- 
liberating  paracrine  cells.  In  order  to  charac¬ 
terise  the  receptor  type,  9  muscarinic  antago¬ 
nists  with  different  selectivities  were  used  at 
a  fixed  concentration  of  1  umol/l  to  inhibit 
acid  secretion  stimulated  by  19  umol/i  McN-A- 
343.  Quasi  '*concentration"-inhibition  curves 
resulted  from  plotting  percentages  inhibition 
vs  the  concentration  of  1  umol/l  expressed  as 
aultipleo  of  K.  values  at  M, ,  and  recep¬ 
tors.  K.  values  were  determined^ in  bigaing  ex- 
perimonti  with  guinea^^pig  corticaJ  (''H-telen- 
zepxM,^  H.),  atrial  (''H-Nl-iS,  M^)  and  salivary 
gland  M-)  membranes.  By  fitting  of  the 

3  sets  of  data  with  a  single  receptor  model 
this  method  of  evaluation  (Kromer,  unpublished) 
allows  discrimination  between  lecaptcr  types 
involved  without  the  time-consuming  tas)c  of  de¬ 
termining  pA^  values. 

Our  data^gave  the  best  fit  when  calculating 
the  curve  on  the  basis  of  binding  affinities  to 
the  M.  receptor.  No  fit  at  all  or  a  much  worse 
fit  was  found  on  the  basis  of  binding  affini¬ 
ties  at  the  M2  and  receptor,  respecti’^ely. 
The  present  data  demonstrate  for  the  first  time 
that  histamine-liberating  cells  in  the  mouse 
stomach  probably  bear  functional  M, -type  musca¬ 
rine  receptors. 


48  Muscarinic  receptor  binding  in  rabbit 

RiinPrinr  nfirvir.al  oannlia 

M.  Galvan.  R.  Boe?  and  C.  Schudt.  Byk  Gulden 
.Pharmaceuticals.  Postfach  6500.  7750  Konstar?z,  FRG. 

The  rabbit  superior  cervical  ganglion  is  a 
neuronal  preparation  often  used  for  investigat¬ 
ing  muscarinic  receptor-mediated  slow  synaptic 


potentials.  The  slow  excitatory  postsynaptic 
potential  (sEPSP)  is  elicited  via  activation  of 
Ml-receptors  and  che  slow  inhibitory  postsynap¬ 
tic  potential  <sIPSP)  via  M2-receptors . 

Radioligand  binding  was  performed  on  membra¬ 
ne  fractions,  isolated  from  over  100  ganglia. 
3H-NMS  binding  was  saturable;  non-specific 
binding  was  less  than  30%  of  total  binding. 
Scatchard  analysis  indicated  a  single  binding 
site  (IC*0.25  nM;  Bmax=364  fmol/mg  protein).  In 
competition  experiments  with  telenzepine  (TZP), 
pirenzepine  (PZP)  and  AF-DX  116,  displacement 
curves  with  a  shallow  slope  were  obtained;  Hill 
coefficients  were  less  than  unity.  Fitting  the 
data  with  a  two  site  model  revealed  that  about 
50%  of  the  sites  displayed  high  affinity  for 
TZP  and  PZP  (Ml-receptors);  AF-DX  116  bound 
preferentially  to  the  other  50%  (M2-receptors) . 
Dissociation  constants  (-log  K_)  at  the  Ml  and 
M2  sites  were:  TZP,  9.03  and  7.75;  PZP,  7.73 
and  6.23;  AF-DX  116,  6.05  and  7.48  respective¬ 
ly.  3H-T2P  binding  revealed  a  single  binding 
site  for  the  (+)  enantiomer  (IC*0.64  xiM; 
Bmaxa2S7  fmol/mg  protein) .  Dissociation 
constants  (“log  K,-)  at  this  site  were:  TZP, 
9.02;  PZP,  7.88  and  AF-DX  116,  6.09. 

The  results  demonstrate  the  existence  of  two 
distinct  muscarinic  receptor  sites  in  these 
neurones. 


49  (3H]-(i)-Telen2epine  selectively  labels 
muscarinic  M^-receplors  in  calf  superior 
cervicci  ganglia 

R.  Feife'’'2,  J.  F.  Rod.’igues  de  Miranda^,  C,  Slrohjnann^,  R, 
Tav^eS,  G.  Lambracht'  and  E.  Mutschler’.  'Dept 
Phartiiaco!.,  Univ  of  D-6000  Frankfurt/Main,  FRG;  ^Dapl 
Pharmacol.,  Univ.  of  Nijmegen,  6500  HB  Nijmegen,  The 
Netherlands;  ^Dept  Chem  Univ  of  D-7500  Karlsruhe,  FRG. 

Sympathetic  gaii9lia  possess  excitatory  HI-  and  inliibi- 
tory  HZ'receptors.  To  study  Uie  aKinities  oi  ttriliwusca- 
rinic  drugs  at  Hl-ieceptors  a  simple  binding  assay  has 
been  developed  by  using  the  Ml-scleclivc  bgand  (®H1- 
(l>-telenzepine  (Tz)  (Byk  Gnldcn.  Konstanz.  FRG)  and  a 
purilied  preparation  ot  calf  oupoiior  cervical  ganglia 
(CSCG) .  .’(uicarinic  receptor  binding  vas  c.xanined  in  1000 
X  g  supernatants  (20%  of  original  wet  >eighl) .These  were 
incubated  for  120  minutes  at  3/®C  in  Tris  bulter(pH 
7,4).  The  reaction  was  terminated  by  rapid  filtration. 

In  this  preparation  (*ll)-(t)-T?  (0.05  -  8  nH)  bound  to  a 
homogeneous  class  of  binding  sites  with  high  affinity 
(corrected  Ka-value  for  the  active  (♦)-enantioner:  0  56 
nH)  Flquilibriun  was  reached  within  90-17.0  minutes. 
Nonspecific  binding  wan  determined  by  10  pH  atropine  and 
anoimted  to  16%  (maximal  value)  in  saturation  experi¬ 
ments  and  4%  in  competition  experiments  (0.8  nH  (’II)- 
(i)-rz).  The  affinities  of  reference  antimuscarinic 
drugs  obtainf'd  in  competition  experiments  in  CSCG  were 
very  similar  to  (hone  found  in  functional  studies  at  Ml- 
receptors  in  rabbit  vao  deferens  (RVD) (Eitze,  NSAP  337, 
Suppl.  R91,  1988). 


-log  Ki  (CSC«) 

cA,  (RVD-Ml) 

Pirenzepine 

I.H 

;.79 

Hethoctramine 

6.63 

6.85 

HKSiU 

7.65 

7.92 

In  conclusion,  CSCG  homogenates  ate  well  suited  to  de 
termine  Mi-receptor  affinities  of  anlipiuscarinic  drugs 
using  (*Hj~(i)-Tz  as  radioligand. 
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50  Differential  responses  upon  M, 
muscarinic  receptor  stimulation  by  various 
agonists 

H.W.G  M.  Boddeke  Sandoz  Preclinical  Research.  CH-4002 
Basle,  Switzerland. 


At  present,  a  discrepancy  concerning  possible  diversity 
of  central  muscarinic  (Ml)  receptors  exist.  Whereas 
Lambrecht  et  al.*  according  to  different  effects  of  the 
antagonists  hexahydrodifenidol  and  hexocyclium  published 
i.hat  the  Ml  receptors  in  rat  ganglia  and  hippocampal 
slices  are  different,  no  difference  was  found  by  Field 
et  al.*.  Differential  responses  as  well  are  found,  how¬ 
ever,  when  ganglionic  or  hippocampal  Ml  receptors  are 
stimulated  by  various  muscarinic  agonists.  The  compounds 
muscarine,  pilocarpii HcN-A-343  and  its  4-chloro- 
analog  acted  as  full  HI  agonists,  whereas  oxotremorine 
displayed  partial  agonistic  benaviour.  Conversely,  McN- 
A-343  and  its  4-chloro-analog  elicited  no  responses  in 
rat  hippocampal  slices,  whereas  muscarine,  pilocarpine 
and  oxotremorine  acted  as  full  agonists.  The  differen¬ 
tial  activity  of  HI  agonists  in  rat  ganglia  and  hippo¬ 
campal  slices  cannot  be  explained  by  a  difference  in  the 
number  of  Hl-receptors  in  both  tissues.  It  re.iiains  to 
establish  whether  a  difference  in  the  Mi  receptor  pro¬ 
tein  or  a  difference  in  the  receptor  to  second  messenger 
coupling  IS  responsible  for  the  diverging  agonist  act¬ 
ivity  in  both  tissues. 

Lambrecht  et  al.,  TIPS  suppl.,  abstr.  22,  1988. 
rield  et  al.,  b'oc.  Neurosci.  abstr.  435.il,  1988. 


51  Mediation  of  phosphinosilide  metabolism 
in  rat  cerebal  cortex  by  Mi  and  M3 
muscarinic  receptors 

Carlos  Forray  and  Esam  E.  El-Fakahany.  Dept 
Pharmacology  and  Toxicology,  University  of  Maryland  School 
of  Pharmacy.  Baltimore,  USA. 


TI10  sclnulatlon  of  phospholnoslcide  <PX>  nec&bolisa  by 
muscarinic  {Agonises  vas  studied  In  cell  aggregates  from 
rat  cerebral  cortex,  prelabeled  with  Inositol . 

Muscarinic  agonists  assayed  in  the  presence  of  LiCl  pro¬ 
duced  a  4'foid  sclculatlon  with  the  rank  order  of  poten¬ 
cies  of:  acetylcholine,  oxotreooiino-H  >  muscarine  > 
carbanylcholine  (CBC).  sechacholine  (MET).  Ulth  the 
exception  of  KET,  the  PI  response  to  0  fixed  concentra¬ 
tion  of  the  muscarinic  agonists  was  inhibited  by  plren- 
zcplne  <PIR)  in  a  biphasic  manner,  with  62  to  76%  of  the 
sites  showing  high  affinity  (pKl-6,1)  and  the  remaining 
sites  of  lower  affinity  <pKl-6.6).  PIR  Inhibited  MET 
effect  with  a  pKl  of  7.9.  Telenzcpinc  (TEL)  also  shoved 
a  biphaslc  inhibition  of  CBC  effects  with  pKl  of  9.4 
(74  %  of  the  sites)  and  7.3.  The  rest  of  the  antagonists 
assayed  inhibited  the  effects  of  CBC  in  a  oonophasic 
manner:  atropine  <pKl-9.0),  4. DAMP  (pKi-8.6),  hexa- 
hydro-silo-dlfcnidol  {pKl-7.5),  AF-DX  116  (pKl-6.6). 

P^R  and  TEL  displaced  (JHjh'MS  from  multiple  sites  (50% 
high  affinity)  and  (3H|TEL  from  a  single  binding  site 
with  high  affinity.  AF-DX  116  displaced  55%  of  (7H)HMS 
with  low  affinity,  similar  to  that  obtained  by  competi¬ 
tion  with  {31i)TEL  <pKl-S.9).  Alkylation  of  muscarinic 
receptors  with  30  nM  propylbenzylcholine  mustard  In  the 
presence  of  100  nM  PIR  yielded  a  preparation  with  only 
high  affinity  sites  for  PIR  both  in  PI  response  and 
JIHJWMC  Ssssd  cr.  the  Itutlulclon  o£ 


the  PI  response  by  PIR  and  TEL.  our  data  Indicate  the 
Involvement  of  another  muscarinic  receptor  besides  the 
K.  suhtypo.  Furthermore,  the  rank  order  of  potencies  of 
tne  muscarinic  antagonists  provides  strrng  evidence  for 
Che  involvement  of  a  glandular  subtype  in  the  activa¬ 
tion  of  PI  mecabolisB  in  rat  brafn. 


52  PC12  (phaeochromocytoma)  cells 
express  a  muscarinic  receptor  with  high 
affinity  for  leler  epine 

H.  Bbnisch,  R.  Bo(  M  Dobler  and  C.  Schudt.  Dept 
Pharmacology,  University,  0-8700  Wurzburg  and  Dept 
Pharmacol.  Byk-Gulden,  D-7750  Konstanz,  FRG. 

Functional  and  binding  experiments  In  PC12  cells 
indicate  that  this  neuc’  nal  cell  line  is  endowed 
with  Ml-  and  probably  also  M3-receptors.  Carba- 
chol  caused  an  atropine-sensitive  release  of  3H- 
noradrenaline  (3H-NA)  from  preloaded  cells  which 
was  inhibited  with  high  potency  by  the  Ml- 
selective  muscarinic  antagonist  telenzepine  (TZ) , 
with  intermediate  potency  by  pirenzepine  (PZ), 
and  with  low  potency  by  the  M2-selective  antago¬ 
nist  AP-DX  116  (see  Table).  Inhibition  of  3H-?mS 
binding  to  PC12  membranes  by  these  antagonists 
showed  the  sane  inhibitory  profile;  in  addition, 
the  affinities  of  several  muscarinic  antagonists 
to  the  PC12  receptor  was  similar  to  that  obtained 
at  Ml-receptors  in  guinea  pig  membranes  labelled 
with  either  3H-TZ  (Ml)  or  3H-NMS  (H2  and  M3). 
Saturation  binding  of  3H-TZ  to  PC12  membranes  re¬ 
vealed  a  ltd  of  0.55  nmol/1  and  a  Bmax  of  766 
f mol/mg  protein.  Dissociation  of  3H-TZ  (bound  to 
PC12  membranes  at  a  high  concentration)  was 
biphaslc  indicating  binding  of  3(:-TZ  to  Ml-sites 
(80%)  and  probably  M3-sites  (20%) . 

FC12  :guinea  pig  membranes 

3H-NA  3H-NMS  :  Ml  M2  M3 
release  binding:cortex  heart  gland 


Compound 

pA2 

pKi 

:  pKi 

pKi 

pKi 

Atropine 

8.62 

8.52 

:  8.97 

8.55 

8.75 

Telenzepine 

8.82 

8.74 

:  9.0C 

7.64 

8.10 

4-DAMP 

...» 

8.46 

:  8.79 

7.94 

8.70 

Dicyclomine 

..... 

$.00 

:  8.21 

6.97 

7.83 

Pirenzepine 

7.00 

7.51 

:  7.72 

6.43 

6.72 

HHSiD 

7.49 

7.29 

:  7.63 

6.80 

7.VQ 

AF-DX  116 

5.74 

5.77 

:  6.28 

7.23 

5.88 

53  Novel  selective  muscarinic  agonists 

J.  Baumgokj,  B.  Bradbury  and  K.  A.  Jacobson.  Lab.  of  Mol 
and  Cell.  Neurobiotogy,  WINDS  and  Laboratory  of  Chemistry, 
NIDDK,  NIH,  Bethesda,  Maryland,  USA. 


A  series  of  analogues  of  the  muscarinic  agonist  BM5 
were  synthesized  using  the  functionalized  congener 
approach  to  drug  design  (Jacobson  ct  al.,  Mol. 
Pharmacol.  29  126,  1986).  These  compounds  were 

evaluated  for  subtype'Specif ic  agonist  activity  at  the 
second  messenger  level  in  a  scries  of  cell  lines  that 
each  express  a  single  muscarinic  receptor  subtype. 
These  cells  include  CHO  colls  transfected  with  ml 
receptors,  rat  heart  membranes  that  express  only  m2 
receptors,  SK-N-SH  human  neuroblastoma  cells  that 
express  predominantly  n3  receptors  and  NG108-15 
neuroblastoma  x  glioma  calls  that  express  only  n4 
receptors.  The  parent  compound,  BH3,  was  found  to 
stimulate  only  the  adenylate  cyclase-coupled  muscarinic 
receptors,  subtypes  ta2  and  m4.  It  behaved  as  an 
antagoni.st  at  the  PI  turnover  coupled  receptors, 
rubtypos  inl  and  m3.  Therefore,  BM5  is  a 
subtype-selective  muscarinic  agonist.  Since  BM5  has 
been  described  as  a  post-synaptic  agonist  and  a 
prc-synaptic  antagonist  (Nordstrom  et  ai.,  Mol. 
Phamacol.  24  1-5,  1983),  these  studies  indicate  that 
post-synaptlc  muscarinic  receptors  arc  adenylate 
cyclase  coupled,  whereas  pre-synaptic  muscarinic 
receptors  are  coupled  to  PI  turnover.  Like  BM5, 
several  of  tli«  uwi,!  uoapounds  were  also 
subtype-sclcctivc  partial  agonist.*:  in  that  they 
stimulated  only  the  m2  and  m4  subtypes  and  were  in¬ 
active  as  agonists  at  ml  or  m3  receptor  .subtypes. 
The.sc  compounds  are  being  evaluated  further  for  their 
potential  in  treatiug  the  cognitive  deficits  of 
Alzheimors  disease. 
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54  Tetrahydropyridyl-oxadiazoles;  ligands 
used  to  map  the  muscarinic  receptor 

G.  A  Showell,  K  Merchant,  R.  Baker.  S.  B  Freedman  and 
J  Saunders.  Merck  Sharp  and  Dohme  Research 
Laboratories,  Neuroscience  Research  Centre,  Terlmgs  Park. 
Harlow,  Essex,  CM20  2QR,  UK. 


FuUy  rigid  ligands  raay  not  have  the  required 
flexibility^  in  order  to  evoke  the  confonnational 
change  of  the  receptor  protein  necessary  for  a  full 
agonist  response,  and  are  at  best  weak  partial 
agonists.  We  hav^  synthesised  a  series  of  semi-rigid 
ligands  based  on  arecoline  in  order  to  explore  the 
distinct  binding  characteristics  for  both  the  high  and 
low  affinity  states  of  the  muscarinic  receptor  These 
compounds  differ  markedly  both  in  their  relative 
affinity  and  efficacy  as  measured  by  our  well  described 
biochemical  assay,  the  NHS/OXO-H  binding  assay^.  The 
oxadiazole  \  was  synthesised  from  arecoline^  and  shown 
to  have  greater  affinity  than  the  parent.  Molecular 
mechanics  calculations  have  shown  that  the  des-N-oiethyl 
analogue  2  possesses  a  lower  ring  inversion  barriet  than 
1  thus  lias  greater  flexibility  within  the  receptor. 
Measurement  of  binding  energies,  when  compared  to 
computed  average  binding  energies^,  revealed  that  2  is 
well  matched  particularly  for  the  high  affinity  binding 
site  and  this  is  reflected  in  a  correspondingly  higher 
level  of  efficacy,  tn  contrast  alkylation  on  the  $  or 
6-positions  of  the  tetrahydropyridyl  ring  creates  a  raore 
rigid  framework  relative  to  2.  This  provides  ligands 
which  do  not  fully  utilise  Their  available  functional 
groups  in  efficient  binding  possibly  because  of  a 
combination  of  steric  and  conformational  factors. 

1.  d.  Hed.  Chem..  (1988), 

186. 

2,  d.C.S.  Chem  Common. , 
(1988),  1618. 

^  3.  J.  Med.  Chem  .  (1984),  27. 

^  '  1648. 


-O-N 


55  5-Hyclroxyquinuciidine  oxadiazoles: 
stereochemical  probes  for  the  agonist  binding 
state  of  the  muscarinic  receptor 

R.  J  Snow,  S.  B.  Freedman,  R,  Baker  and  J.  Saunders. 

Merck  Sharp  and  Dohme  Research  Laboratories, 
Neuroscience  Centre.  Terlmgs  Park,  Harlow,  Essex.  CM20 
2QR,  UK. 

The  oxadiazole  1,  recently  described*  as  a  potent 
muscarinic  agonist,  offers  an  ideal  ooportunity  to  probe 
the  steric  requirements  of  the  muscarinic  receptor  by 
introducing  substituents  into  the  rigid  quinuclidine 
skeleton.  Modification  of  the  5-position  was  studied, 
since  this  site  is  remote  from  the  primary  pharmacophore. 
Insertion  of  a  hydroxyl  group  was  chosen  to  search  for 
additional  hydrogen  bonding  inte.-actions  over  those 
already  known  to  be  involved. 

All  four  dlastercoisomers  of  the  5-hydroxy  quinuclidine 
oxadiazole  2  were  synthesised  by  a  route  involving 
Oicckmann  cyclisation  of  a  differentially  protected 
piperidine  diester.  Three  of  the  Isomers  had 

considerably  reduced  affinity  for  the  receptor  c...l. 
but  one  isomer,  2a,  displayed  greatly  enhanced  efficacy 
as  measured  by  the  previously  reported  NHS/OXO-H 
ratio2,3,Thus  one  particular  orientation  of  hydroxyl 
favours  agonist  binding:  structural  properties  of  2  will 
be  discussed  in  detail. 


1.  J.  Saunders  et  a1,  J.C.S.  Chem.  Comm..  1988,  1bl8. 

2.  J.  Saunders  et  a1,  J.  Med.  Chem..  1988,  31.  486. 

3  S  rrcq.d.T,3n  et  qi.Si  S.  rii.iiRucol . .  iui>»,  44/ 


56  Heterocyclic  muscarinic  agonists  as 
experimental  tools  and  potential  therapeutic 
agents 

A  Byrholl  Hansen,  E.  Falch,  F.  S  Jorgensen  and 
P  Krogsgaard-Larsen  Deparlment  of  Organic  Chemistry, 

The  Royal  Danish  School  of  Pharmacy,  DK-2100 
Copenhagen.  Denmark 

Bioi«;osteric  "*0(11  fications  of  arcoolxne,  norarecoline  anJ 
isoarecolino  have  led  to  a  variety  of  CNS-active  r.uscan- 
nic  agents.  The  aim  of  this  vork  is  to  develop  therapeu¬ 
tically  useful  nuscarirjic  agents  with  optiTaiiy  oaijneed 
partial  agonist  charc^cter  and  receptor  selectivity  and 
with  phar.^acokinetic  properties  acceptable  for  us*'  in  the 
human  clinic.  The  partial  agonist  or  antagonist  p’'or.ies 
of  the  co'ipounds  at  K-1  or  y-2  receptors  nave  been  esti- 
naled  using  binding  and  functional  ^  vi tro  anti  ^  vivo 
tests. 

O.5-Di-ye-THP0  is  an  isoxazole  bioisostere  of  areco- 
line,  and  0,6-di-Me-?r^IP  is  siPilarly  related  to  isoar  - 
coline.  Whereas  arecoline  and  icoarecoline  have  v^ry  si- 
nilar  *nuscorinic  agonist  profiles,  those  of  their  .  espec- 
tive  isoxarole  bic^-sosteres  are  quite  different.  Moiocu- 
iar  trodelling  techniques  have  been  used  to  eiu'^icatc  th‘. 
co.'ifo.'Tatxonal  and  electron. c  characteristics  o'  tn.s 
class  of  nuscarAnic  agonists.  Tneso  stMdies  have  I'.d  to 
Tuscarinic  agonists  with  pot'^ntial  ciinical  u'sttuiresc 


0  5*0>*Me*  0,6'0i*Me* 

Arecoline  THPO  Isoofecc  »ne  TH1P 


^  fVogsgaard-Larsen,  *.  Falch,  B  '-nst-n  jnd  r  Z  .rr- 
gensen  Drugs  of  the  Future  (1989)  In  r>r**s& 


57  Interaction  of  quaternary  anticholinergics 
with  muscarinic  receptors  in  bovine,  guinea 
pig  and  human  airway  smooth  muscle 

A.  F  Roffel,  C.  R.  S  Elzmga.  W  Beitman,  E  J  J  van 
Tinlelen  and  J  Zaagsma  Department  of  Pharmacology  8 
Therapeutics,  U.mvcrsity  of  Groningen  NL-9713  AW 
Groningen,  The  Netherla.nds. 

Ouilffniry  liisorifiK  intijonists  iifttKioUftrMS'  •!«*?  s'io**'  I*  .ste’itt 

tMO  binfl.A)  Sites  la  *r>i  rat  tram,  m  contrast  to 

their  tertiary  ifiaiojots.  feemse  -e  tojii  this  o.fifime  helero^eseit*  *i5o  in 
hovme  Irachfel  secotf-  eyscle  «enrar.es,  ^e  teslea  these  cci?ovft5>  ir  cwtractic.h 
eiperuents  cn  aenstfea  torme  tracheal  s«Mth  auscie  strips  tc  estaslish  •^elh^r 
this  heter&?fnfws  cinsrg  6ena»iMr  ia>  Itt'ictiori*!  ccr.setue'vces.  ts  reoertei 
iPoHel  et  »!.,  n.S.  Arch,  rliareacol.  Stippl  ;  f|9S8'‘  leratrcciua  (!MA) 

as  •»]!  as  M'lethrlsccooUiiAe  (h.*.S:  orrphehonii]a  toil  aa>e  Schila  slots  rntt 

sl09?s  stqr<iitcahtir  oreater  thai  unitv  Hhefl  elKima  set^achol>r<e-thaucec  sisotn 
•jscif  coatracticn.  asms  a  34  em  esyihtration  perioa  for  the  arti^o.'usts.  {>• 
contrast,  alfcpise  lA’A!  ina  scocoUiir-e  on  oovme  t'lchea  ana  mS;  cn  ^-iirej  pio 
trachea  aa>e  slopes  no^  si^nincantiv  aifferenl  *roa  or.e.  In  the  ereseni  stoS* 
these  aali  ■ere  erleftaea  ssma  eethoorouae  siooe^M’ a-'c 

•ethyiaeptropme  IS5>  P  4.005*  cn  porme  tracheal  siwtn  •sscie.  *5 

Oh  guinea  P19  tracheal  siooth  ejscie  Slopr^M'  |APA  on  hvian  5>«ii 

brpflChJil  seootft  Mscle  lpA2*9.2,  sIope={.o*.  The-  resalts  so^qes*  thr*  •'.*  hiqn 
ScMia  plot  slopes  Kcur  m  bo<me  o-at  r-ot  m  guinea  pt^  er<c  huaio  air«i,  sasoth 
•jscle  preperaticns.  fii>  there  is  no  relation  &el*een  Senna  slot  slopes 
ana  hetero^eseoos  Sinamo  tehavjwr,  since  aoes  not  einipit  ine  .^tte'  jA 
Povme  tram  leiSranes.  ana  tin*  ih»  •i-*  .i**-»  •  — 

aepenaent  on  s-ialerhary  character  ana  riiqh  alfinitv  ijwe.  To  mTfStiOP'e  the 
possihi'itv  of  iact  of  epmlkrioa  at  \*t*r  a"ta;o.ust  concentrakcir.s,  if^A  ‘na 
(17  were  testea  osm9  a  5  hr  e;<}tiiPratton  perioa.  AlthC4.on  the  slooes  aecreasea 
for  both  cooptoftss  Do  t.5>  they  ver*  still  sionificantiy  sreater  than  «nit> 
■creoter.  m  one  eioeriient  05109  a  5  hr  ec«’liS’’atiw  penoa  5P*A  stil!  ^are  a 
of  1.5.  «e  also  tes^ea  the  effect  of  the  atr©oinestfras*'ir.niPi;or  aelhyl 
thitvrate:  both  IFA4  aoa  (*7  still  viekea  Scnila  si'‘pes  greater  than  <nity  m 
these  eipeneents  ana  2.1  rescectivel/i.  f'oteter,  osin?  a  ccaomation  of 
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iQd  ATRiQl  lourij  in  ovtriddttive  ri^ht'S^ift  Of  MtKichohfte 
Oo$r*re$poAse  curves  tn  bovtne  but  not  in  guinei  piq  trichei.  Ko  cooeluOe  ttiit  i 
positive  cooperitive  interiction  but  not  Uclr  of  equiiibriui  is  responsible  for 
the  hi^h  siooes  in  the  SchilO  plots  of  IPflA,  NHS,  01  inO  HO  in  bovine  trecheil 
siooth  luscle.  Suppc^teO  by  the  Netherhnos  Asthii  FounOition. 


58  AQ-RA  741  -  a  new  cardioselective  (M2) 
muscarinic  antogonist 

W.  Eberlein,  W.  EngeJ,  G.  Mihm,  N.  Mayer  and  H.  Goods 
Dr  Karl  Thomae  GmbH,  Birkendorfer  StraBe  65,  D-7950 
Biberach  1,  FRG. 


Recently  cotpound  AF-OX  116  (I)  hns  been  charicter{2ed  os  the  first 
cerdloselective  nuscerinfc  receptor  antegonfst.  In  order  to  further 
elucidate  the  structural  requ1re<^nts  for  selectivity,  a  series 
of  AF>0X  116  analogs  has  been  prepared  as  Indicated  In  formula  II. 


(AQ-RA741) 

The  biological  profile  of  the  new  coffpounds  has  been  assessed  by 
receptor  binding  studies  [Kj-values:  Cerebral  cortex  (Hf),  heart 
(H^),  subraandibular  gland  (K3)]  and  functional  tests  ((^2* 
values:  heart  and  Ileum). 

The  results  show  that  all  cospounds  exhibit  a  selectivity  profile 
analogous  to  that  of  AF-OX  116  with  varying  degrees  of  selectivity 
and  activity. 

Most  favourable  results  have  been  obtained  with  compounds  carrying 
the  diethylaafnoalkyl  group  In  position  4  of  the  piperidine  ring. 
Compound  AQ*RA  741  (III)  e.g.,  shows  a  30  fold  higher  affinity  for 
K2  coipared  to  K3  binding  sites.  Functional  studies  revealed  an 
even  higher  discrimination  (90  fold)  between  atrial  and  Ileal 
muscarinic  receptors. 

Thus,  concerning  cardiac  v$.  glandular  and  cardiac  v^.  smooth  muscle 
selectivity  AQ-RA  741  represents  one  of  ‘.he  most  selective 
receptor  antagonists  known  so  far.  In  addition  AQ-RA  741  Is  10  times 
more  active  than  AF-OX  116. 


59  AQ-RA  741  and  UH-AH  37  -  two 
pirenzepine  analogues  with  an  opposite 
selectivity  for  atrial  and  ileal  muscarinic 
receptors 

H.  N.  Doods  and  H.  W.  Ziegler.  Department  of 
Pharmacology.  Dr.  Karl  Thomae  GmbH.  PO  Box  1755,  7950 
Biberach  1,  FRG. 

We  investigated  the  selectivity  of  the  novel 
muscarinic  antagonists  AQ-RA  741  (ii-((4-(4- 
{ diethylaraino)butyl]-l- piper idi nyl ) acetyl) -5, 11- 
dihydto-6H-pyrido[2, 3-b] [ 1 , 4 ]benzodiazepin- 6- on 
hydrochlorid)  and  UH-AH  37  (6-ehloro-5,10-dihy- 
dro-5-( (l-methyl-4-piperidinyl)-acetyl)- llH-di- 
benzo-(b,e](l,4}diazepinc-ll-one  hydrochloride) 
for  atrial  and  ileal  muscarinic  receptors,  re¬ 
spectively.  Functional  studies  were  performed 
using  spontaneously  beating  right  atria  and 
ileal  longitudinal  muscle  strips  from  guinea 
pigs.  Concentration-response  curves  were  con- 

RtrUOtAd  hy  rhA  CimulAtlVA  AHi4irion  nf  morKn. 

choline  in  the  absence  oc  presence  of  ant* 
agonist.  Pirenzepine  (PZ)  was  not  able  to  dis¬ 
criminate  between  the  two  tissues.  However 
AO-RR  741  showed  a  marked  cardioselectivity 
(87-fold).  An  opposite  ileal  selectivity  was 
observed  tor  UH-AH  37  (14-fold).  All  three 


compounds  proved  to  be  competitive  ant¬ 
agonists.  (see  below) 
pA2  heart 
PZ  6.64  (26) 

AQ-RA  741  8.49  (32) 

UH-AH  37  7.09  (30) 


Slope 
1.01 
1.02 
1.05 

(  )  number  of  data  points 

Comparison  of  the  selectivity  of  AQ-RA  741, 
AF-DX  116  and  methoctramine  revealed  that  the 


pA2  ileum 
6.80  (25) 
6.55  (28) 
8.32  (38) 


Slope 

0.98 

0.94 

1.08 


cardioselectivity  of  AQ-RA  741  is  comparable 
or  even  more  pronounced.  The  same  holds  true 
for  the  ileal  selectivity  of  UH-AH  37  in  com 
patison  to  4-DAMP  or  HHSiD. 


60  Hexocyclium  derivatives  with  high 
selectivity  Tor  smooth  muscle  muscarinic 
receptors 

'A.  Donetti,  R.  Micheletti  and  ‘E.  Ceteda.  Depts  of 
Pharmacology  and  •Medicinal  Chemistry,  Istituto  De  Angeli, 
ViaSeno  15,  20139  Milan,  Haly 

Among  compounds  able  to  differentiate  between 
atrial  and  smooth  muscle  mAChRs,  those  with 
greater  affinity  for  muscular  receptora  are  only 
moderately  selective.  Since  previous  evidence 
showed  that  Introduction  of  a  guanidlno  moiety 
as  cationic  head  can  enhance  pirenzepine  selectly 
Ity  (Cereda  et  al . .  this  meeting),  the  Influence 
of  different  amidlno  substitutions  on  the  djscrim 
Inatlve  properties  of  a  smooth  muscle  selective 
antagonist  was  investigated.  Modifications  were 
brought  on  hexocyclium  onlura  head  (H).  Formamldl- 
no-.  acetamldlno- .  and  guanidlno  derivatives  of  H 
(compounds  F,  A  and  G,  respectively)  were  evaluat 
ed  for  antagonism  of  guinea  pig  ileal  contraction 
and  atri.'l  negative  Inotropism  elicited  by  betha- 
nechol .  Affinity  (pAz)  was  estimated  from  Sohlld 
regression  analysis.  Compounds  yielded  pAz  of. 
9.01  ±  0,28  (H),  8.66  ±  0.13  (r,,  7.60  +  0,14 

(A).  7.40  i  0.16  (G)  at  the  lleai  receptor,  and 

8.32  t  0.27  (H),  6  39  i  0.09  (F),  6.74  i  0.05 
(A).  6.66  ±  0.07  (G)  at  the  cardiac  Mz  receptor. 
Although  the  substitutions  performed  were 
generally  detrimental  to  compounds  affinity,  the 
pAz  values  at  the  two  receptors  were  reduced  by  a 
significantly  different  extent.  Thus,  affinity 
for  cardiac  receptors  was  drastically  affected, 
with  a  minimum  decrease  of  85  folds  and  maximum 
of  e  470;  conversely,  changes  In  Ileal  pAz  were 
much  lower,  ranging  from  2  8  to  41  folds  The 
overall  consequence  of  such  a  different  effect  on 
afttnitles  Is  that  hexocyclium  ability  to  distin¬ 
guish  between  receptors  results  greatly  augmented 
In  particular.  F  discriminates  by  over  2  orders 
of  magnitude,  possessing  the  greatest  selectivity 
for  smooth  muscle  receptors  so  far  described 


61  Antimuscarinic  potencies  of  olefinic 
analogues  related  to  hexahydro-difenidol  at 
three  muscarinic  receptor  subtypes 

L.  K.  Choo',  M.  Wagner',  B.  Unterhalt^,  C.  Middelberg^, 

R.  Jacket,  C.  StrohmannS,  A.  TafeP,  E.  Mutschler'  and 
G,  Lambrechl'.  'Dept  Pharmacology,  Univ  of  D-6000 
Frankfurl,  2|nsl  Pharmaceutical  Chem.,  Univ  of  D-4400 
Munster,  8|nst.  Inorganic  Chem,  Univ  of  D-7500  Karlsruhe, 
FRG 

Affinity  profiles  of  otefinlc  analogues  related  to  hexahydro.difenidol  (1  A) 
were  Investigated  at  three  muscarinic  recepto'  subtypes  Antagonist 
potencies  were  determined  In  rabbit  field-stimulated  vas  deferens  (Ml), 
guinea-pig  efectrlcallysfrlven  left  atrium  (M2)  and  gulnea-pig  Heal 
longitudinal  muscle  (M3)  pA2  values  obtained  from  Arunlakshana- 
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Schild  plots  are  listed  below 


A/B 

0,  ^  1A/1B 

z-x  2A/2B 
HO  A-CH,-N^ 

Ml  M2  M3 

CH,.CH,  O  .0 

Ml  M2  M3 

1A®  78  67  8.0 

IB  7.4  6.8  7.0 

2A  7.1  65  7.5 

2B  69  68  64 

3A  88  7.5  8.1 

3B  7.9  7.4  7  7 

^Hexahydro-difenxlol 

The  results  Irrdlcate  that  the  selectivity  proliiss  of  the  olefinic  analogues 
were  quantitatively  and  qualitatively  different  from  that  of  the  parent 
compounds  (1A/1B) 

In  both  series,  the  trans  analogues  (3A/3B)  were  more  potent  than  the 
cIs  compounds  (2A/2B)  at  all  subtypes.  In  particular,  the  trans 
compound  3A  showed  the  highest  affinity  for  the  Mt  receptor.  Its 
affinities  for  the  M3-  and  M2-receptnrs  were  5-  and  22-told  lower, 
respectively 


62  Pharmacophore  model  for  antimuscarinic 
agents  related  to  difenidol  and  slladifenidol  - 
a  molecular  modeling  study 

J.  BrOggmann',  H.  -D.  HoHje',  E.  Mutschler^,  G.  Lambrechl^ 
and  R.  Tacke^,  'Dept  of  Pharmacy,  Free  University  of 
Berlin,  FRG.  ZDept  of  Pharmacology,  University  of 
Frankfurt,  FRG.  ^Dept  of  Chemistry,  University  of  Karlsruhe, 
FRG. 

In  continuation  of  previous  studies  <1,2)  antltruscarioic  Si/C  pairs 
of  the  <sli8-)procyclldine,  (sii3-)dlfenlosl,  and  <sllQ-)hexocycliun 
types  were  investigated  using  rolecular  ffecnanjcs  and  scffli-efipirical 
Quantum  cnemical  wthods. 

for  a  group  of  25  analog  pairs  a  potentially  bloactive  confomalion 
has  been  cst-jilshed  with  the  aid  of  a  nultlfit  procedure  (see  Tig.  l). 

from  the  correlation  of  electron  densities  at  potentially  pharnaco- 
phorlc  partial  structures  with  affinities  to  ileal  Mj  receptors  the 
three  binding  sites  previously  postulated  could  be  supported. 


Calculations  of  electron  densities  were  perfonned  for  the  protonated 
fwlecuies  cofflplexed  with  a  negatively  char9?d  binding-site  nodcl. 
fhe  nolecular  electrostatic  potentials  (k€Ps)  of  all  sila-corpoufx)* 
carrying  a  eyeJohexyl  ring  sbem  3  distinct  negative  region  around  the 
pole  of  this  ring  system  which  does  not  occur  in  the  charged  compounds. 
We  believe  that  this  ncoatlve  ootential  rprpntnr  »ffir*Uv 

this  effect  is  taken  into  account  a  strong  correlation  between  theore¬ 
tical  data  (STL)  and  M3  receptor  affinities  (pAj)  is  observed  (see 
fig.  2). 

1)  Bosch,  Th.;  Dissertation  frcic  unlversitat  Berlin  (1987). 

2)  taffftrccht,  C.  et  ol.  in  Trends  in  Med.  Chen.  "88", 

Coot  et  al.  (Eds.),  Elsevier,  Aasterdan  1989,  265. 


63  Potent  and  selective  mAChR  antagonists 
with  amidine  cationic  heads 

E.  Cereda,  R.  Micheletti,  A.  Ezhaya,  L.  Giudici  and 
A.  Donetti.  Istituto  De  Angeli,  Via  Serio  15,  20139  Milan, 

Italy. 

Amldino  moieties  resemble  tertiary  amino  or 
quaternary  ammonium  groups  according  to  basic 
strength, ionisation  properties,  nitrogen  orbitals 
hybridisation  pattern  and  size.  Differences  how¬ 
ever  exist  in  spatial  arrangement,  hydrogen  bond 
forming  capacity  and  possible  modes  of  interac¬ 
tion  with  receptors.  For  the  latter  reasons, 
variations  in  the  affinity  for  mAChR  subtypes  nay 
be  expected  to  occurr  in  amldlno-substituted 
compounds.  This  hypothesis  was  tested  by  Introduc 
Ing  an  amldlno  moiety  as  cationic  head  in  the 
structure  of  a  non-selectlve  antagonist,  atropine 
(ATR),  and  of  an  Mi  selective  compound,  pirenze- 
pine  (PZ).  Affinity  (Ks)  of  compounds  for  Hi  and 
Ms  receptors  was  Investlgatea  in  functional  in 
vitro  models,  employing  rat  duodenum,  in  which 
McN-A-343  stimulation  of  Ml  receptors  produces 
relaxation,  and  guinea  pig  paced  atrium,  where 
bethanechol  evokes  a  negative  inotropic  effect  by 
activating  Ms  receptors.  Results  showed  that  the 
guanyl  analogue  or  AIK  displayed  affinities 
similar  to  those  of  the  parent  compound.  A 
different  behaviour  was  observed  for  the  guanyl 
derivative  of  PZ,  In  fact,  while  affinity  for  Hi 
receptors  was  virtually  unaffected,  a  sig¬ 
nificant  decrease  in  Ks  value  (16  folds)  was 


found  at  He 

receptors. 

Such  uneven 

effect  on  the 

recognition 

properties  of  compound 

is  mirrored  by 

a  remarkable  selectivity 

for  the  Ml 

receptor 

compound 

duodenum 

atrium 

selectivity 

K», 

nM 

ratio 

ATR 

1.2 

1.8 

1,6 

guanyl-ATR 

3.0 

2.8 

0,9 

PZ 

8.1 

154 

19 

guenyl-PZ 

7.8 

2250 

288 

64  Direct  measurement  of  muscarinic 
agonists  and  antagonists  in  the  mouse 
central  nervous  system 

S.  B.  Fresdman,  E.  A.  Harley  and  S.  Patel.  Merck  Sharp 
and  Dohme  Research  Laboratories,  Neuroscience  Research 
Centre,  Terlings  Park,  Eastwick  Road,  Harlow,  Essex,  CM20 
2QR,  UK. 

Cholmomtfflcttcs  produce  a  range  of  stde  effects  including 
hypothermia  and  tremor.  Although  these  responses  can  be  used  to 
estimate  the  'in  vivo'  activity  of  (wscannic  agonists  in  the 
central  nervous  system  (CHS),  the  approach  is  limited  by 
compensatory  feedback  mechanisms  and  the  difficulty  of  equating 
degree  of  receptor  occupancy  to  effect.  We  have  developed  a  novel 
*ex  VIVO’  assay  to  measure  the  potency  and  penetration  of  muscarinic 
agents  into  the  CHS. 

’€x-vivo'  binding  was  determined  in  brains  of  male  BKTO  mice 
(259)  that  had  been  previously  atkninistered  test  compound,  whole 
brains  were  homogenised  30  mins  later  in  ice  cold  20itei  HEPES  buffer 

7.4  containing  lois  HgCl2,  lOOpI  aliquots  of  homogenate  were 
subsequently  assayed  with  0.6nH  (^Hl  oxotremorine-H  In  a  final 
voiune  of  IfflI.  Following  a  40  mm  incubation  at  30<^  samples  were 
filtered  over  Whatman  CF/C  filters.  Specific  binding  was  defined 
with  IpH  atropine.  Penetration  of  compound  was  calculated  by 
comparison  with  a  calibration  curve  added  to  homogenates  of  saline 
treated  animals.  Results  are  shown  below  and  were  compared  with  the 
ability  of  these  compounds  to  induce  (E05o)/antagonise  (IO^q) 
centrally  mediated  hypothennia. 


Subli/pes  of  iiiuscarmic  receptors  IV 
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^xxipouhd 

Hypothermia 

Ex  Vivo  Binding 

eojo/iojo* 

“so 

%  PeneirattoA 

(ma/ka) 

into  CMS 

Pilocarpine 

8.0  t  3.3 

21  ns:30) 

0.31  «  0.096 

RS86 

KO  ♦  0.5 

U  (7.7;16) 

US  ♦0.18 

2.0  i  0.9 

2.6  (2.1;3.\) 

0.21  ♦  Q.04 

N  Hethvi  Scooolanine*  10  ♦  2.1 

26  (20:32) 

0.00S9  ♦  O.OOn 

Results  in  brackets 

refer  to  range 

(n«3}.  All 

Other  values  are 

9eotnelfic  v  S£K. 

These  results  confirm  that  'ex  vivo*  binding  represents  a 
reliable  biochemical  method  of  detemining  the  potency  and 
penetration  of  muscarinic  agents  into  the  central  nervous  system. 


65  Identification  of  a  small  intracellular 
region  of  the  rat  m3  receptor  responsib'-^:  for 
selective  coupling  to  PI  turnover 

J.  VJess,  M.  R.  Brann  and  T.  I.  Bonner.  National  institutes  of 
Health,  Bethesda  MD  20892,  USA. 

Molecular  cloning  studies  have  demonsu’ated  the  existence  of 
five  different  muscarinic  receptor  proteins  (ml -m5).  While 
ml,  m3  and  m3  are  coupled  to  stimulation  of  phosphatidyl 
inositol  (PI)  metabolism,  m2  and  m4  are  more  efficiently 
linked  to  inhibition  of  adenylate  cyclase.  An  analysis  of  the 
sequences  of  ml  -  ni5  reveals  that  a  16-17  amino  acid  segment 
at  the  amino  terminal  end  of  the  third  cytoplasmic  loop  (i3)  is 
highly  conserved  among  ml,  m3,  and  mS  but  different  from 
the  sequence  which  is  well  conserved  in  m2  and  m4  .  In 
order  to  investigate  the  role  of  this  region  in  coupling 
specificity,  we  constmcted  cDNAs  encoding  chimaeric  mUMi 
receptors,  in  which  the  whole  i3  loop  and  the  small  i3 
fragment,  respectively,  have  been  exchanged  between  the 
human  m2  (Hm2)  and  the  rat  m3  (Rm3)  receptor.  Transient 
expression  of  these  cDNAs  in  COS-7  cells  showed  that  wild 
type  Rm3  and  the  Hm2  receptor  hybrids  containing  either  the 
whole  i3  loop  or  the  shon  i3  fiagment  of  Rm3  strongly  couple 
to  PI  turnover,  carbachol  leading  to  a  2  to  3-fold  increase  in 
IPl  production  in  the  micromolar  dose  range.  On  the  other 
hand,  wild  type  Hm2  and  the  Rm3  receptor  hybrids  with  the 
whole  i3  loop  or  the  short  i3  segment  of  Hm2  induced  less 
than  0.3-fold  increases  in  IPj  levels.  These  data  strongly 
suggest  that  the  short  segment  comprising  17  amino  acids  of 
the  amino  terminal  end  of  i3  is  sufficient  to  determine  the 
coupling  specificity  of  muscarinic  receptors. 

66  Location  of  sulfydryl  groups  of  the 
muscarinic  acetylcholine  receptors  involved 
in  intramolecular  disul'de  bonds  by  peptide 
mapping  studies 

E  Kurtenbach,  E.  K,  Pedder,  C.  A.  M.  Curtis  and 
E.  C  Hulme.  National  Institute  for  Medical  Research, 

Mill  Hill,  London  NW7  1AA,  UK. 

In  purified  muscarinic  acetyichoUne  receptors  (mAChRs)  the  ligand  l^ing 
activity  and  the  proportion  of  (be  sites  with  high  afflmiy  for  agonists  were 
affected  by  ‘SH  reagents  (Bernstein  cl  aS.,  J.  Neuiochets.  50, 1687*1694, 1988) 

Eight  cysteine  residues  are  common  to  all  five  rat  muscarinic  recentor  wlow* 
bm  th(*  number  of  jhe  bi.Jges  is  unknown.  Recent  studies 

show  that  two  conserved  aspartate  residues  in  the  mAChRs  can  be  alkylated 
With  ^H'PrBCM  One  of  these  residues  is  immediately  C  terminal  to  a 
conserved  cysteine  which  is  probably  involved  in  a  $•$  bond.  Extended 
proteolysis  of  the  denatured,  reduced  and  carboxymetbylated  mAChR  alkylated 
with  ^H-PrBCM,  using  lys-C,  yielded  two  major  glycosylated  labelled  pr^ucls 
(28  and  ^>4  KDa).  The  polypeptide  molecular  weights  estimated  after 
eao^^lic  degiyco^ation  were  14  and  22  KDa.  la  contrast,  cleavage  with  Iys*C 


of  non-reduced  receptor  followed  by  deglycosylation  showed  products  with 
molecular  weights  of  22  KDa  and  34  KDa.  However,  after  further  reduction 
and  carboxymethyiaiion,  the  origioal  pattern  of  peptides  was  regenerated.  This 
suggests  that  the  14  KDa  peptide  extends  a  disulfide  bond  which  links  it  to 
another  proteolytic  fragment.  In  the  present  study  the  sulfhydryl  groups  of 
mAChRs  involv^  in  intramolecular  disulfide  bridges  were  labelled  with  ^H*N- 
ethylmalcimidc  (^H-NEM). 

Cleavage  of  the  ^1{*NEM  labelled  mAChRs  using  lys*C  yielded  two  distinct 
populations  of  labelled  products.  One  population  seems  to  correspond  to  the 
ial^iled  glycosylated  peptide  residues  obtained  after  proteolysis  of  the 
Pr6CM*inAChRs  (28*34  KDa  peptides).  This  h^  molecular  wei^t  fraction 
probably  contains  a  cysteine  residue  involved  in  a  (hsulflde  bond.  PreUminaty 
studies  using  a  small  amount  of  this  population  submitted  to  a  second  cleavage 
with  CNBr,  show  the  same  peptides  molecular  weights  as  given  by  the  ^K- 
PrBCM-mAChRs  to  the  same  condition.  The  fraettonatioo  of  the  low  M.W. 
peptides  obtained  from  the  COOH  terminal  of  the  mAChR  should  be  a 
powerful  tool  to  study  the  location  of  the  other  probable  S*S*bridge(s)  m  the 
structure  of  the  mACh  receptors 

67  Distribution  of  m1-m5  muscarinic 
receptor  mRNAs  in  rat  brain^ 

D,  M.  Weiner  and  M.  R.  Brann.  Laboratory  of  Molecular 
Biology.  NINOS,  NIH,  B'd.  36,  Rm  30-02,  Buibesoa  MD 
20892,  USA  and  Research  Scholars  Program,  HHMI,  USA. 

For  each  of  the  five  muscarinic  receptor  mRNAs  wc  prepared 
three  48  base  oligodeoxynucleotide  probes  which  arc  subtype 
specific.  The  specificity  of  these  probes  was  verified  based  on 
each  of  the  three  probes  independently  labeling  the  same  pancm 
of  mRNA  using  in  situ  hyMdizadon  to  consecutive  sections 
through  rat  brain,  and  by  northern  blot  analysis.  The 
distribution  of  the  mRNAs  was  determined  with  a  mbtture  of 
the  three  probes,  to  increase  specific  activity  and  thus  decrease 
autoradiographic  time.  Strong  signals  were  observed  for  all  of 
the  receptor  mRNAs  within  four  weeks  of  autoradiographic 
exposure.  Each  of  the  mRNAs  have  a  distinct  distribution. 
For  example,  ml  mRNA  is  most  abundant  within  the  cerebral 
cortex  and  hippocampus  (fields  CAI-4  and  dentate  gyrus);  m2 
mRNA  in  the  basal  forebrain,  septum  and  hindbrain;  m3 
mRNA  in  the  cerebral  cortex  and  hippocampus  (fields  CAM); 
m4  mRNA  in  the  caudate  putamen,  nucleus  accumbens  and 
olfactory  tubercle;  m5  mRNA  in  the  hippocampus  (fields  CAl- 
2),  substantia  nigra,  pars  compacia  and  globus  pallidus.  Data 
at  a  cellular  level  of  resolution  will  be  presented. 

iThis  work  was  supponed  in  part  by  Receptor  Genetics,  Inc. 

68  Regional  egression  of  muscarinic 
receptor  (MChH)  subtypes  in  rat  brain:  an 
in-siiu  hybridization/receptor  autoradiography 
study 

M.  T  Vilarb,  H,  W,  G  M,  Boddeke,  K  -H,  Wiederhold, 

U,  Kischka"  G  Mengod  and  J.  M.  Palacios.  Preclinical 
Research,  Sandoz  Ltd.,  Basel,  Switzerland,  *  Kantonsspital, 
Basel,  Switzerland 

Ke  have  combined  in  situ  hybridization  hisLoche- 
nistry  with  synthetic  oligonucleotide  probes  for 
the  HI,  H2,  M3,  H4  MChR  (Bonner  ot  al.(1987) 

Science  237:527-532  )  and  receptor  autoradiogra¬ 
phy  using  '1";-?.’  mcth/lsoopoianine  (HMS)  as 
radioligand  and  several  MChR  antagonists  (piren- 
zepine,  hexahydrosiladifenidol,  nethoctraraine, 
and  AFDX  116)  with  differential  receptor  subtype 
selectivity  to  examine  the  microscopic  distribu¬ 
tion  of  these  receptors  in  the  rat  -brain. 
Forebrain  areas  such  as  the  neocortex,  hippo¬ 
campus,  and  caudate-putamen  exhibited  high  levels 
ot  hybridization  for  the  Ml  and  M3  probes, 
whereas  the  levels  were  lower  with  the  H4  probe. 
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M2  transcripts  were  at  very  low  copy  number  and 
only  seen  in  medial  septum  and  pons.  M3 
transcripts  were  enriched  in  thalamic  and 
midbrain  areas,  regions  where  Ml,  H2,  and  M4 
mRNAs  were  not  detectad.  In  our  preliminary 
binding  studies  we  have  not  always  found  a  good 
agreement  between  the  presence  of  mRNA  and  the 
differential  displacement  of  NMS  binding  by  the 
antagonists.  Thus,  in  the  hippocampus,  a  majority 
of  Ml  receptor  binding  was  found  in  spite  of  the 
presence  of  M3  and  M4  mRilAs.  Finally,  sites  in 
the  midbrain  {superior  colliculus)  were  found  to 
belong  to  the  M3  class,  in  good  agreement  with 
the  hybridization  studies.  Thus,  the  combination 
of  these  two  autoradiographic  approaches  allows 
for  the  detailed  delineation  of  the  distribution 
of  the  cell  bodies  and  binding  areas  where  the 
different  MChR  subtypes  are  preferentially 
expressed. 


69  Agonist  pharmacology  of  cloned 
muscarinic  receptors’ 

E.  A.  Novotny  and  M.  R.  Brann  Laboratory  of  Molecular 
Biology,  NINOS.  Bld.36,  Rm  30-02,  Bethesda  MO  20892, 

USA. 

Five  muscarinic  receptors  (ml-m5)  have  been  cloned, 
sequenced  and  express^  in  mammalian  cell  lines.  We  have 
examined  the  pharmacology  of  ml-m4  receptors  expressed  in 
A9  L  cells  by  measuring  cAMP  levels.  When  stimulated  by 
agonists,  ml  and  m3  cause  a  rise  in  cAMP  levels  by  coupling 
with  a  pertussis  toxin-insensitive  G-protein,  while  m2  and  m4 
cause  a  decrease  in  cAMP  levels  by  coupling  to  a  pertussis 
toxin-sensitive  G-protein.  Acetylcholine  (ED50S  fiM;  ml,  4; 
m2,  1.5;  m3,  5;  m4,  0.3),  carbaehol,  oxotremotine-M  and 
muscarine  were  pure  agonists  at  ail  of  the  tested  receptors,  and 
displayed  ~  10  fold  lower  ED50S  for  the  m2  and  m4  than  the 
ml  and  m3.  Arecolinc,  McN-A-343,  pilocarpine  (EDjgS  pM  / 
%  maximum  for  carbaehol  "%M"  •:  ml,  10  /  25%;  m2, 0.5  / 
80%;  m3, 18  /  20%;  m4,  0.5  /  65%)  and  RS  86  were  partial 
agonists  with  lower  ED5QS  and  greater  efficacy  at  die  m2  and 
m4  than  at  the  ml  and  m3.  Maximal  ml  responses  to 
carbaehol  were  more  sensitive  to  receptor  depletion  by  NPBC 
mustard  than  were  m4  resoonses.  These  data  are  consistent 
with  the  selectivity  between  receptor  subtypes  of  the  above 
agonists  being  due,  at  least  in  part,  to  receptor  spareness. 
BM-5  was  a  potent  agonist  at  m4  receptors  (ED50  /  %  M:  1  / 
75%)  but  had  little  effect  at  ml,  m2  and  m3  receptors  (efficacy 
<  10%  M). 

1  This  work  was  supported  in  part  by  Receptor  Genetics,  Inc. 

70  Drug  selectivity  and  second  messenger 
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higher  R  densities  hsd  Hill  coefficients  less  than  one 
and  were  best  fitted  by  a  computerized  nonlinear 
least-squares  regression  program  for  the  2-site  model. 
Concentration-response  curves  for  carbachol-stimulated 
f^HlIPj  accumulation  were  also  obtained.  A  signi¬ 
ficant  correlation  was  observed  between  the  density  of 
the  Ml  muscarinic  R  with  high  affinity  for  carbaehol 
and  the  maximum  accumulation  in  these 

cells.  There  is  no  significant  difference  among  the 
EC50  values,  the  Ka  values  obtained  by  the 
Furchgott  method  and  the  Kh  values  of  the  carbachol/- 
r^H)(-)HQNB  competition  curves.  By  using  the  fluo-3 
method  to  determine  the  [Ca^*]i  stimulation  by  car- 
bacho'i,  we  found  an  ECjo  that  agrees  with  the  Kh- 
Drug  specificity  for  binding,  [Ca^*^],-  and  hydroly¬ 
sis  of  inositol  lipids  confim.i  an  muscarinic  R 
profile.  We  conclude:  (1)  The  high  affinity  state  for 
carbaehol  may  be  the  functional  state  of  the  Mj  mus¬ 
carinic  R  in  the  transfected  B82  cells;  (2)  there  was 
evidence  for  the  existence  of  spare  Mi  R  in  the 
clones  with  high  R  densities  but  not  in  those  with  low 
R  densities. 


71  Muscarinic  receptor  binding, 
phosphatidylinositol  (PI)  turnover  and  Ca2+ 
mobilization  in  cells  transformed  to  selective¬ 
ly  express  rat  m^  muscarinic  receptors 

R.D.  Schwarz,  L.L.  Coughenour,  D.T.  Dudley,  D  K,  Boyd. 

J.H.  Fergus,  S.L.  Myers,  C.J.  Spencer  and  C.R  Clark. 
Parke-Davis  Pharm.  Res  Div ,  Warner  Lambert  Co  ,  Ann 
Arbor.  Ml  48105,  USA 

Cloning,  sequencing,  and  expression  studies  have 
shown  that  there  are  five  subtypes  of  muscarinic 
receptors  (m.-mj).  Recently,  rat  m,  muscarinic 
receptors  were  inserted  into  murine'‘B82  cells 
resulting  in  a  cell  line  (M1C2)  with  a  high  level 
of  receptor  expression.  Using  Scatchard  analysis, 
C^Hj-QNB  was  found  to  bind  with  a  Kd  of  5.0  ± 

O.SpM  and  a  Bmax  of  593  ±  19fmol/mg  protein  was 
determined.  Muscarinic  agonists  and  antagonists 
bound  to  the  receptor  with  Ki  values  ranging  from 
O.OSnH  (atropine)  to  7653pM  (carbaehol).  Receptor 
occupation  by  muscarinic  agonists  resulted  in  the 
stimulation  of  PI  turnover  with  full  agonists  such 
as  carbaehol  producing  maximal  stimulation,  and 
other  agonists  (e.g.  arecoline)  producing  similar 
effects  but  of  lower  magnitude.  Since  production 
of  inositol  trisphosphate  results  in  an  increase 
in  free  Ca++  levels,  intracellular  Ca++  was 
measured  by  both  fura-2  and  ^^Ca++  efflux 
techniques.  As  with  PI  turnover,  muscarinic 
agonists  increased  free  Ca+-f  with  antagonists 
reversing  this  effect.  Thus,  M1C2  cells  possess 
the  characteristics  of  m.  muscarinic  receptors  and 
are  proving  a  useful  toot  for  studying  receptor/ 
effector  mechanisms  (M1C2  cells  provided  by  Dr. 
J.C.  Venter,  NIH). 


,  1 


W.  R.  Roeske,  L.  Mei,  J.  Lai,  S.  Waite,  T  Smith  and 
H.  I.  Yamamura.  University  of  Arizona,  Tucson,  USA. 

We  have  studied  the  relationship  between  the  M] 
muscarinic  R  density  and  the  R-medtated  hydrolysis  of 
Inositol  lipids  In  cloned  murine  fibroblast  B82  cells 
which  have  been  tranefected  muscarinic  ft 

gene.  Of  the  7  clones  examined,  the  muscarinic  R 
densities  in  these  cells  characterized  by  [Ah](-)MQ1IB 
binding  ranged  from  12  fmol/10°  cells  in  LK3-1  cells 
to  260  fmol/10®  cells  In  the  LK3-8  cells.  Carbachol- 
/r’H]{-)M0NB  competition  curves  for  the  LK3-1  cells 
(with  low  R  density)  had  a  Hill  coefficient  of  one. 

The  competition  curves  for  carbaehol  In  the  clones  with 


72  Physiological  comparison  of  cloned 
muscarinic  receptor  subtypes  expressed  in 
CHO  cells 

S.  V.  P.  Jones,  T.  J.  Murphy  and  M.  R.  Brann.  Laboratories 
ot  Neurophysiology  and  Molecular  Biology,  NINDS,  National 

Institutes  0i  utwtiiCdUCl,  iVil^ 

Transformed  CHO  cells  which  express  comparable  levels  of  the  muscarinic 
receptor  subtypes  m3,  m4  and  m5  (Buckley  et  a!,  Mol.  Pharmacol.  ^9. 

were  examined  for  physiological  responses.  CHO  cells  were 
electncally  silent  apart  from  a  small  TTX  sensitive  sodium  current,  as 
determined  with  whole<eU  patch  clamp  recordings.  Activation  of  m3  and  m5 
receptors  by  ACh  hyperpolarized  the  cell  membrane,  and  increased 
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conductance.  Current*voltage  curves  showed  the  ACh^induced  conductance 
reversed  at  around  -dSmV  and  shifted  to  around  •20mV  on  increasing 
extracellular  potassium  from  5  to  SOmM.  Outward  ACh*induced  currents 
recorded  at  •SOmV  were  attenuated  by  addition  of  l^iM  atropine.  SmM  Ba  or 
5mM  Co  to  the  bathing  medium.  Addition  of  SmM  BAPTA  intracellularly, 
prevented  activation  of  the  AOi^induced  conducuuice  increase.  The  results 
indicate  that  both  m3  and  mS  muscarinic  receptors  activated  Ca-dependent 
potassium  conductances  in  CHO  cells.  Inositol  (^osphate  <1P)  levels  were 
elevated  6*7  fold  over  baseline  by  carbachol  stimulation  of  m3  and  mS 
receptors.  Intracellular  application  of  lOOiiM  IP3  and  raised  intrscellular 
calcium  mimicked  the  ACh-iruiuced  current  responses  in  both  m3  and  mS 
transformants,  suggesting  that  IP3  mediates  the  increase  in  intracellular  Ca 
which  in  turn  activates  the  potassium  conductances.  Basal  cAMP  levels  were 
also  elevated  by  activation  of  in3  and  mS,  however  the  response  to  m3  was  3- 
5  fold  gre^r  than  that  for  m5  receptors.  Application  of  up  to  SmM 
cAMP  had  no  electrically  detectable  effect,  and  thus,  cAMP  is  net  involved  in 
production  of  the  ACh*inJuced  current  responses.  m4  did  not  elicit  an 
electncally  detectable  response,  however,  the  receptor  was  demonstrated  to  be 
functional,  as  forskolin^stimulated  elevations  in  cAMP  were  reduced  on 
application  of  carbachol  to  m4>iran$formed  cells  in  concentrations  ranging 
from  0  01  to  30  tiM.  Above  these  concentrauons  cAMP  levels  were  elevated. 


73  Regulation  of  muscarinic  receptors 
expression  by  nerve  growth  factor  in 
developing  corticostriatal  cells  in  culture 

C.  Eva,  S.  Ricci  Gamalero  and  E.  Gena22an(  Institute  of 
Pharmacology.  University  of  Turin,  Italy. 

Recunt  studies  suggest  that  nerve  grovth  factor  (Wa?)  exerts 

a  trophic  effect  on  £o''<ibrain  and  striatal  cholinergic  neurons 
and  stioulates  centr.  "’^ptic  cholinergic  narkers.Changes 
in  the  eypression  of  cn.  cholinergic  receptors  (oAChR) 

by  NO?  was  studied  in  dev  corticostriatal  cells  in 

culture.  Thi;  culture  pn  contains  a  small  population 

of  choline  rcetyltransfera*  itivo  neurons  and 

synthetlze  from  the  third  day  n  v  (DXV)  increasing  amount 
of  AC!i.  H/.ChR  density,  determined  I  usuring  binding 

to  cortl'.al  cell  homogenate,  increas«.i  by  approxisiately  5 
t^xies  during  12-li  days  of  culture.  NGF  treatment  of  cortico-' 
'itriatiX  culls  fO.l  ug/ul)  olevates  intracellular  content  of 
AOi  (’jessured  by  HyLC'S))  an<}  the  activity  of  ChAT  by  60'*100% 
at  t!ie  8th-‘10th  PIV.  Results  indicate  that  NGF  treatzaent  of 
CAr'.icoatr.'latal  cells  Induces  a  draomatic  increase  of  mAChR 
rwober  (Fmax)  chat  is  /.ccompanied  by  a  SOZ  decrease  of  the  Kd. 
T?ia  increase  of  3f«GN7,  binding  is  dose^dependenC  and  occours 
lyetween  the  $tn  and  *.he  11th  DIV,  being  maximal  (307Z  above 
controls)  at  the  iO'Ji  DIV.  At  the  12th  DIV  both  control  and 
NG?"t;:«ated  cells  .ontain  the  same  maximum  levels  of  mAChR 
fiumbti-  (ayproxima'.ely  300  fmol/mg  prot.).  Our  working  hypo* 
the;;ls  is  that  t¥>7$  by  stimulating  the  activity  of  cholinergic 
n'>crons,  regula’.es  the  expression  of  mAChR  during  development 
of  corticostri/.tal  cells  In  cultures.  Preliminary  results 
irdicate  that  this  culture  preparation  expresses  zeessgnger 
RNAs  cncodinf,  for  Hi,  M2,  H3  and  lU  mAO'R  subtyjtes , measured 
by  reverse  transeriptase'poiyaerase  chain  reaction  i[RT**PCR). 

Ve  are  cumntxy  investigating  the  effect  of  NCF  on  the 
expvesslon  of  mRMs  encoding  for  auscarinlc  receptor  subtypes. 


74  Carbachol  stimulation  causes  inhibition  of 
mitogsnesis  and  cell  elongation  in  CHO  cells 
transvecled  with  muscarinic  receptor  genes 

Bruco  R.  Conklin,  Mark  R.  Brann,  Noel  J.  Buckley,  Tom  I. 
Bonn  if,  Alice  L  Ma,  Christian  C  Felder  and  Julius  Axelrod 
National  Ir^stitutes  of  Heatth,HHMI,  Bethesda.  MD,  20892, 
USA 

A  family  of  genes  encoding  five  distinct  muscarinic  receptors 
(ml  m5)  have  been  cloned  and  stably  expressed  in  fibroblasts  ( Bonner  et 
&I,  Science,  237. 527*532:  Neuron,  1, 403*410 ).  We  have  previously 


reported  that  carbachol  causes  the  inhibition  of  mitogenesis  m  AS  L  cells 
transfected  with  ml  nud  m3  receptors  while  ni2  and  m4  stimulation  has 
no  effect  on  mitogcncsis  in  these  cells  (Conklin  ct  al  PNAS,  85, 

8698  8702)  We  have  now  examined  similar  responses  m  CHO  cells 
which  have  been  transfected  with  m2-m5  receptors  (Buckley  et  al,  Mcl 
Pharm  35, 469*476).  Mitogcncsis.  as  measured  by  thymidine 
incorporation,  was  inhibited  by  carbachol  stimulation  of  m3.  m4,  and 
m5,  but  not  the  m2  transfected  cells  (see  below).  CHO  cells  are  known  to 
undergo  cell  elongation  when  treated  with  cholera  toxin  or  cAMP 
analogs.  We  observed  a  similar  cell  elongation  with  carbachol 
stimulation  of  m3  and  m5  transfected  CHO  cells  Stimulation  of  the  ^2 
or  m4  transfected  cells  had  little  or  no  effect  on  morpholo^  The 
elo.igation  effect  of  the  m5  receptor  could  be  quantified,  ycildmg  an 
F.C*50  for  carbachol  of  63  nM  (Felder  et  al,  FEBS  lett ,  245, 75*79)  Flic  m5 
stimulated  elongation  does  not  appear  to  be  due  to  a  rise  m  cAMP  since 
the  EC-50  for  carbachol  stimulated  cAMP  is  160  fold  greater  (lOuM;  The 
effects  of  these  receptors  on  the  growth  and  morphology  may  reflect 
biochemical  differences  in  the  actions  of  these  receptors  which  are  being 
elucidated  in  further  studies 

m2  m3  nvt  m5 

%  mitogcncsis  inliibition 

(thymidine  incoiportation)  3i3  47±2  17i4  27±3 

cell  elongation  +++  4/-  +4+ 

Nolo:  AUhough  the  ni2  trAnsfeefed  CHO  cells  had  second  niesst.iger  effects  with 
carbftchol  stimulation,  the  results  may  not  be  direotlv  eomo.arab’e  bee .nu«e  the  m? 
transfected  colls  expressed  approximately  one  tenth  the  number  of  receptors  .ns 
the  m3,  nfi4,  and  m5  tr.nnsfecied  cell# 


75  Muscarinic  receptors  that  mediate  the 
enhancement  of  the  rat  vas  deferens  neuro¬ 
genic  contractions  by  cholinergic  agonists:  a 
new  subtype? 

G  Ba'lejo  and  A  R.  Antonioili.  Doparlment  of 
Pharmacology  School  of  Medicine  of  Ribeirao  Preto-USP- 
SP-  Brazil. 

Cholinergic  agonists  augment  the  neurogenic  con- 
tractions  of  the  rat  vas  deferens  neurotrensmission  via 
activation  of  rauscarinic  receptors.  At  last  five 
subtypes  of  muscarinic  receptor  that  differ  pharmacolo¬ 
gically  functionally,  and  molecularly  have  been  descri¬ 
bed  inthe  rat.  In  order  to  characterize  the  effector 
systems  involved  xn  the  muscarinic  etfect  in  the  RVD 
neurotransmission,  rats  vere  treated  either  with  pertus¬ 
sis  toxin  (PT)  UO  g/kg/  i.v.)  and  studied  three  days 
later  or  with  lithium  chloride  (LiCl)  (7  nsnol/kg/day, 
i.p.  for  3  days)  and  studied  24  hours  after  the  last  in¬ 
jection.  PT  treatment  failed  to  alter  the  enhancing  ef¬ 
fect  of  Carbachol  (CCh)  in  the  RVD  neurotransmission 
while  it  decreased  the  potency  of  CCh  to  produce  the 
inotropic  negative  effect  in  the  isolated  atria  of  the 
same  animals.  LiCl  treatment  did  not  affect  CCh  action 
'n  RVD  neurotransmission  although  it  decreased  the  effi¬ 
cacy  of  this  agonist  to  produce  contractions  of  the  iso¬ 
lated  ileum  from  the  same  animals.  We  also  determined 
whether  the  muocarinic  receptors  of  the  RVD  under  study 
exhibit  plasticity  when  exposed  to  chronic  blockade.  In 
aged  rdt&  (18  monchs)  atropine  treatment  (100  mg/kg/day, 
i.p.  for  14  days)  enhanced  the  potency  of  CCh  to  augment 
the  RVD  neurotransmission  while  it  did  not  modify  CCh 
action  in  me  isolated  atria  or  ileum  irotc  the  same  ani¬ 
mals.  In  conclusion  CCh  enhancing  action  of  the  RVD  neu¬ 
rotransmission  appears  to  involve  neither  a  pertussis 
toxin  sensitive  C  protein  nev  the  phosphatidyl  inositol 
phosphate  sy&tem.  In  addition,  in  aged  rats,  the  recep¬ 
tors  mediatin,{  this  effect  appear  to  up-regulaf.e  undor 
conditions  of  chronic  blockade. 

-  Supported  by  Sandoz  Fdn  For  Gerortologicl  Research. 

Grant  109/88. 
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76  Chemical  and  biochemical  studies  of 
restricted  rotation  isomers  of  BM-5 

E  J  Trybulski,  R  Mangano,  R  Kramss,  H  Brabander  and  A. 
Rusinko.  Medical  Research  Division  of  American  Cyanamid 
Co.,  Lederle  Labs.,  Pearl  River,  New  York,  USA. 

Senile  Dementia  of  the  Alzheimer's  Type  (SOAT)  is  a 
neurodegenerative  disease  which  results  in  the  progress¬ 
ive  impairment  of  memory.  Autopsies  of  brain  tissue 
from  SDhT  patients  .have  ihonn  a  marked  decrease  in  cnoi- 
inergic  neurons.  Taken  together  those  observations  form 
the  basis  for  the  cholinergic  hypothesis  for  memory  loss. 
A  series  of  chemical  synthesis  projects  have  been  init¬ 
iated  in  our  geriatric  program  to  discover  selective 
cholinergic  agonists  to  ameliorate  the  symptoms  of  this 
degenerative  disease.  From  the  chemist's  point  of  view, 
the  search  for  a  useful  pharmacological  agent  begins  with 


the  synthesis  of  a  selective  agent.  Several  cholinergic 
agonists  and  partial  agonists  are  known  which  can  be 
used  as  models  or  leads  for  a  chemical  synthesis  project. 
One  of  these,  N-methyl-N-O-nethyl-d-pyrrolidino-Z- 
butynyl  )acetamide  (BH-S)  lias  been  reported  ‘  to  be  a 
presynaptic  antagonist  (which  should  disinhibit  the 
release  of  endogenous  tcetylchol me)  and  a  postsynaptic 
partial  agonist  (which  should  mimic  the  effects  of  acet¬ 
ylcholine).  Chemically  BH-5  is  a  flexible  molecule  that 
can  assume  a  number  of  different  conformations.  The 
present  research  describes  the  asymmetric  synthesis  of 
a  series  of  derivatives  of  BH-5  in  which  one  degree  of 
freedom  has  been  restricted  systemically. 

la.  Resul,  B.;  Dahibom,  R.;  Ringdahl,  B.;  Jenden,  O.J. 
Cue.  J.  Med.  Chem.-Chim.  Ther.  1982,  17,  317; 
b.  Nordstrom,  0.;  Alberts,  P.;  Westlind,  A.;  Unden,  A.; 
Bartfai,  T.  Molecular  Pharmacology,  1983,  24,  1. 
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“We’re  mih  you  every  step  of  the 
way  iin  Receptor  Binding  Studies.” 


Accuracy,  reprcducibilily  and  reliability. . . 
three  key  ingredients  for  the  successful  con¬ 
clusion  of  any  experimental  study. 

This  is  especially  true  in  receptor  binding 
studies  since  the  results  of  each  stcjr  can  affect 
the  accuracy  of  the  next.  At  Beckman,  we  view 
receptor  analysis  as  a  series  of  six  fundamental 
steps: 

•  Purification  of  the  ligand 

»  Preparation  and  quantitation  of  the  target 
tissue 

•  Accurate  and  reproducible  binding  assays 
»  Separation  of  the  bound  and  free  ligand 

•  Quantrtatron  ot  the  bound  and  tree  ligand 

•  Calculation  of  receptor  binding  parameters 

To  make  these  steps  easier  to  perform,  wc 
have  designed  an  array  of  instruments  to  ensure 
that: 

—Vials  and  96-well  plates,  used  in  sample 
preparation  steps,  fit  directly  into  instilments 
used  in  quantitation.. . 

— Data  from  these  measurements  are  easily 
transferred  to  a  personal  computer. . . 

—Our  receptor  analysis  software  uses  “up- 
to-date”  algorithms  and  is  easy  to  learn. 

Understanding  your  requirements  for  simple 
and  successful  receptor  analysis  helps  Beckman 
design  a  broad  range  of  accurate,  reliable  instru¬ 
ments  that  “interlink”. . .  making  your  studies 
easier  to  perfonn. 


j  Target  tissue  preparatiun  and 

quantitation 

I  2.0  From  the  initial  step  of 

'  tissue  homogenization  (and 

nerl'apt  sniiihiiizalinn)  it  is 
^  important  to  "isoiate”  the  recep¬ 

tor  fraction  as  quickly  as  possi- 
!  bic.  For  faster  membrane  or 

cytoplasmic  receptor  protein 
;  purification,  the  Beckman  TIAOO 

table-top  ultracentrifuge  can  spin 
I  at  100,000  rpm,  attaining  over 

'  500,000  g.  Thif  can  reduce  your 

j  centrifugation  time  by  50%. 

After  isolation,  the  Beckman 
I  DU*-Senes  of  VV/VIS  spectra- 

photometers  provide  accurate 
I  protein  quantitation  with  as  little 

'  as  50  pL  of  your  precious  recep¬ 

tor  preparation. 


I 


Furificalion  of  the  ligand 
I.O  Because  less  than  10%  of 
the  total  ligand  is  usually  bound 
at  equilibrium,  radiochemical 
purity  of  ligands  is  crucial  for 
accurate  results.  Combining  the 
Beckman  170  or  171  Radioisotope 
Detector  with  System  Gold’,'’  tlie 
Personal  Ghromatoumph,  you 
can  quickly  detciminc  the  radio¬ 
chemical  pumy  of  your  ligand, 
regardless  of  the  radioisotope. 
Simply  push  a  button,  and  youi 
sample  is  automatically  injected 
with  eacit  resulting  peak  accu¬ 
rately  integrated  and  collected  m 
a  single  vial 


Accurate  and  reprndBCiWe 
binding  a»aj!t 

3.0  Tiie  Bionisk*  1000 Auti>- 
mated  Laboralory 
handles  the  rcpetitiw  pipetting 
steps  jl‘  receptor  binding  gssajfs 
with  exact  n;()rodiicitiiiity.  it  can 
accommodate  9&-w!i  p'atcs  or 
MinilUV^'  test  tiiixs  Iron  i  i^- 
man  according  w.your  assay 
reqniicmcms.  The  optional  Biom^ 
SL  features  a  robotic  arm  for 
loading  and  unloading  labss^  to 
provide  unattended  operalida  with.  , 
no  operator  interveruien . 


Otir  plir^  senestoi  easy  to 
opctots  pH  meters,  with  the  tiec- 
trodcs  that  ctui  mjstsun;  samples  as 
small  as  ItX)  pL,  a>sure  you  that 
eacli  butfer  is  prepared  accurately. 


^  Separation  of  ihc  bound  and 
.  frcciigaiid 

'  4.0  After  sample  incubation, 

j  the  Braudel  *  Cell  Harvests' 

!  eliminates  the  problem  of  filter¬ 
ing  individual  samples  by  pro- 
I  cessing  48  Minilbbes  (or  half  of 
a  5.5-well  plate)  simultaneously. 

i  Thi  Automatic  Deposit  and 
Dispensing  Bystem  punches  these 
j  48  filters  directly  into  liquid  scin¬ 
tillation  vial.s  contained  in  racks 
j  compatible  with  Beckman  liquid 
scintillation  counters.  The  liquid 
,  scintillation  cocktail  is  then 
'  added  to  each  vial,  automatically. 


Quantitation  of  the  bound  and 
free  ligand 

5.0  Far  accurate  counting 
simply  insert  the  liquid  sdntillalion 
racks,  containing  your  samples 
prepared  oh  the  Bnatde!  Syttlem, 
into  a  Liquid Sdntillatlort  System 
from  Beckman.  Daiacanbccpnw- 
ntaitly  stored  on  dlste  using  Data 
l/)gger  andcarricdtoyourcom- 
'  purer  for  analysis.  No  more  enter¬ 
ing  data  by  hand  or  tying  up  your 
person.-d  computer  to  the  liquid 
sdmillation  counter. 


'Btandel  Ceil  llatvcwcr  ani> 
f>cpo*«  and  Dupens.o?  %sicm 
a'c  dvaiU^>k  through  ftceV  man 


Calculation  of  receptor 
binding  parameters 

6.0  Using  non-hnear  fitting 
techniques,  theAccuFit’"  ’Senes 
Softv.vre  from  Beckman  allows 
fast,  accurate  one  or  two  sits  re¬ 
ceptor  binding  analysts,  since 
/lartR.'™  software  typically  does 
not  require  cxpenmenlal  estimates 
of  non-.specific  binding  (NSB), 
more  of  your  receptor  protein  can 
be  used  for  important  binding 
samples. 


Beckmans  broad  range  of 
instrumentation  is  especially 
desigited  to  help  you  link  every 
step  in  your  experimental 
protocol.  See  us  for  all  your 
needs  in... 

ISOLATION 
PUSinCATIGN 
CHARACTERIZATION 
QUANTITATION 
DATA  ANALYSIS 


Unhid  States 

Call  Toll-F.ee  800/742-2345 
...for connection  to 
the  office  neatest  you 

FuUcnoik,  CA  Boston,  MA 
Pate  Atio,  CA  ScnKfsci,  NJ 

Attante.  GA  Si.  MO 

Ajriin;tonl«^thls.IL  HoAUton,TX 


Intemationsl  Saks  and  Service  Oftkes 

AaslRtlta,  Gkdesvillt  2>S!$>523S 
AiiJtfii.  222  22  25  5"^ 

C«nada,  KHSsisMiiga  (4!^  ^7^1234 
France.  Gapiy  (1)  43*8l’93:iw 
Gmnany,  Munich  S9-3S871 
Hong  Kong  5*539236 
Italy.  Ni3!an2*699n 
Japan.  1bkyt>  3*221*5831 
Moiico,  Mexico  Oiy  264-06'67 
Nciherlands,  Mi;dfechl  02979-B56S1 
Puerto  Rifc^  CafoJma  (809)  762»30J0 
Scotland.  Gknrc4hes  592-771234 
Singapore  5342508/9 

South  Africa,  .tehannesburg  (Oil)  80S-20I4/I5 
Spain.  Madrid  1-729*1565 
Sutden,  Bromma  8*985320 
Switzerland.  Nvon  22^3-11-81 
‘Ruwan.lWpd  2-711-1166 
UK..  High  Wy»mbe  49441181 
US.A..  F)illcnon,  CA  (714)  87M848 


A  StJlTHKUNE  DECKMAlt  COMPANY 


Beckman  Instruments.  Inc.»  Corporate  Headquarters 
2500  Harbor  Boulevard,  Box  3100.  FbUerton,  California  92634*3100 
Tilcphone  714-871-4848  TWX:  910-592-1260  •  Telex  678413 


S»-IU5  D-S 


^  19S9  Bcekmaii  IfutrwQCRtr.  Inc. 


Pfinie4iDUS.A 


